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ABSTRACT

The impact of a multitude of toxic chemicals, or xenobiotics, on
diverse aquatic environments and the need to consider such factors in
adjacent land use and disposal situations has necessitated the develop
ment of usable analytical predictive approaches.

A microbial and enzy

matic assessment protocol for determining the environmental effect and
fate of these manufactured chemicals in coastal wetlands was devised.
The protocol combined in situ analyses of interrelated soil/sediment
microenvironments with statistical and analytical laboratory microcosm
approaches in presenting valid predictive models of xenobiotic fate and
effect.

The general objective of this combined field/laboratory analysis

was to provide a better understanding of biotic and abiotic factors that
influence toxic chemical breakdown over a range of salinity conditions.
An overview of research in the area of microcosm development and design
was first outlined followed by a technical description of two aquatic
microcosm systems developed in this study.

Variations in microbial

diversity, enzyme activity, microbial ATP, and substrate uptake in
ecologically-diverse, interrelated coastal soil/sediment microenviron
ments were examined to develop baseline protocols for combined in situ/
microcosm fate and effect analyses.

Strong correlative linkages were

established between control microcosm and in situ measurements.

Environ

mental impact was assessed using these correlative field approaches in a
toxicant runoff incident in a freshwater swamp forest habitat.

A testing

protocol for examining microcosm features and operating parameters was
also presented.

Sequential and differential introduction of a toxicant

into microcosm systems assessed the importance of pre-exposure and
adaptation responses in environmental fate and effect estimates.

Several

industrial source phenols were used in a test case to evaluate overall
microcosm performance.
Relative biotransformation and biodegradation was dependent upon
ecological factors such as salinity, temperature, pH/Eh and water-sediment
ratio.

In addition, the chemical structure of the phenolic compound

itself was a key factor in compound disappearance and in its effect on
important food web substrate rates, i.e., chitin degradation, in wetland
systems.

Biotransformation and biodegradation kinetics of several

toxicant classes were examined with microcosm mathematical model estimates
comparing closely to chromatography residue data and in situ results.

A

ranking criteria of relative toxicity for potentially hazardous chemical
classes in coastal wetlands was achieved.

INTRODUCTION

The Toxic Substances Control Act (TSCA), passed by Congress in 1976,
mandated that no person or company may manufacture or process a chemical
substance for a new use without explicit permission from the U.S. Environ
mental Protection Agency.

TSCA established an assessment protocol for

comprehensive testing and evaluation of a chemical before it can be
introduced into the environment.

Pre-marketing and an environmental risk

analysis for each chemical was required.

Thus an effort to develop a

conceptual framework to organize the hazard evaluation process began.
In this dissertation, a microbial and enzymatic assessment protocol
for environmental effect and fate of these manufactured chemicals, or
xenobiotics, in diverse aquatic environments is presented.

Each complete

chapter presents composite information which has been applied to the
development of analytical and statistical laboratory models for analyses
of the impact and fate of selected xenobiotics within a salinity-altered
ecosystem.

Included in this protocol is the formulation of a computer

data base program, for statistical and numeral analyses of laboratory
model systems, or microcosms, with documentation of their predictive
capability.
The general locality for these investigations has been the Barataria
and Terrebonne-Timbalier basins of the Louisiana wetland region (Map,
Fig. 3-1, Chapter 3).

Major attention has been given to the influences

of the contrasting salinity and sediment regime of this composite ecosystem
on the xenobiotic biotransformative and biodegradative potential of the

1

2
indigenous microbial community.

Major objectives of these investigations

include:
(1)

The identification of major abiotic factors which compliment
biotic transformations of toxic compounds, i.e., xenobiotic,
turnover;

(2)

The role of ecologically-important metabolizable substrates,
such as the aminopolysaccharide chitin, in providing an active
microbial and enzymatic pool for both acclimation to, and
subsequent enzymatic adaptation of, "target" xenobiotics;

(3)

The ultimate bioavailability of selected xenobiotics to this
microbial pool, and estimation of minimal rates of biotrans
formation in laboratory systems.

(4)

The reproducible quantitative expression of these biotransfor
mation processes in laboratory microcosm systems.

(5)

The investigation of correlations between in situ measurements
and laboratory microcosm approaches allowing for the develop
ment and selection of scaling parameters for mathematical model
development.

The methodology and analytical phases presented are sufficiently broad to
permit ultimate utilization of derived predictive models to other xeno
biotics in a variety of aquatic ecosystems in the United States.
As a literature review to this dissertation, Chapter 1 presents an
overview of research in the area of microcosm development and design.
Chapter 2 details technical aspects of the aquatic microcosm designs
developed.

Chapter 3 outlines the series of investigations conducted in

establishing correlative linkages between in situ and laboratory microcosm
measurements. A testing protocol for examining microcosm features and
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operating parameters is presented in Chapter 4.

A test case, using an

environmentally-significant toxicant class, is examined in Chapter 5 to
outline typical microcosm data output features.

Chapter 6 draws from

information presented in preceeding chapters to develop several microcosm
modeling approaches for environmental fate predictions.

Each chapter

presents an overview with introductory concepts and information of
relevance to material presented.

A statement of conclusions follows

along with a listing of specific literature cited.

An evaluation of the

composite aquatic environment assessment protocol is presented in a
dissertation conclusion section following Chapter 6.
terminology is included in the appendices.

A glossary of

Chapter One:
Microcosm Approaches:

Applications in Ecological Research

ABSTRACT
Fate and transport of pesticides and their residues, as well as a variety
of other toxic substances, is of critical importance in soils and sediment/
water systems.

A major problem in dealing with sedimentary materials is

the difficulty of obtaining reproducible information for monitoring key
stress indices in estuarine ecosystems.

The microcosm approach is

designed to simulate a specific target environment in the laboratory,
wherein critical parameters can be controlled or monitored in conjunction
with introduction of a variety of chemical and physical stress-related
factors.
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INTRODUCTION
Increasing emphasis on use of a variety of chemicals in agricultural
practices presents real and potential environmental problems in terms of
land use and extant danger to adjacent wetland systems.

This situation

is further complicated by the increasing discharge of an array of toxic
substances from industrial facilities and chemical dump areas in close
proximity to such wetland regions.

To critically examine the impact of

selected ecologically significant xenobiotics on the aforementioned
ecosystems, a number of approaches have presented analysis of environ
mental effect or fate, whether under in situ or laboratory conditions, or
a combination thereof.

A lack of reproducible results in earlier in situ

approaches lead to the development of laboratory approaches, or more
specifically, simulated ecosystem or "microcosm" approaches.

These

laboratory benchmark systems can be divided quite simply into two major
classes:

(1) terrestrial microcosm and (2) aquatic microcosms.

A

general characterization that best defines a microcosm was advanced by
Draggan (1977):
"Microcosms are experimental units designed to contain
important components and to exhibit relevant processes
occurring in a whole ecosystem."
Changing perspectives by government agencies, as well as maturing
perceptions with regard to xenobiotic effect and fate, have lead to an
ever changing and evolving role for microcosms in terrestrial and aquatic
toxicology.

In the earliest references with regard to microcosms, Forbes

(1887) described a freshwater lake as a "little world within itself - a
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microcosm within which all the elemental forces are at work and the play
of life goes on in full, but on so small a scale as to bring it easily
within mental grasp."

As an introduction to this dissertation, an over

view of microcosm approaches with applications in ecological research is
presented.

Three main areas of discussion will briefly focus on:

(1) Microcosm theory, (2) Application in ecological research, and (3) Limi
tations and cautions in microcosm design.

Both terrestrial and aquatic

microcosm approaches will be presented, but with greater emphasis on the
latter in keeping with the general theme of the dissertation.

Microcosm Theory
Microcosm Classification. The use of microcosm technology in the analyses
of aquatic and terrestrial ecosystems and in the assessment of fate
transport and effects of toxic chemicals is relatively established.
Pritchard and co-workers (1979) enumerated four approaches in microcosm
design and function.

These are as follows:

(1) physical-chemical, in

which specific chemical properties, i.e., water solubility, volatility,
etc., are determined as they affect the chemical in question; (2) pure
culture, whereby one reaction at a time is measured; (3) model ecosystem,
whereby there is a greater interaction between species, and more complex
parameters are measured; and (4) mathematical modeling, whereby reactions
are analyzed from a system point of view.

As noted by Draggan (1980),

the size of a microcosm is in response to specific questions posed but
is, as a rule, smaller than the natural ecosystem being simulated.
The level of environmental control desired and the specific data
requirements of funding agencies defines the experimental direction of a
microcosm study.

These have been conducted in the field under natural

environmental conditions, as well as in the laboratory as bench-top or
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environmental control tests.

With the interplay of abiotic and biotic

compounds in natural ecosystems, microcosms provide a vehicle for simpli
fying and controlling to a certain degree, this ecosystem complexity.

Hypothesis Formulation and Testing.

In keeping with the Scientific

Method, one must formulate an hypothesis with regard to a specific
microcosm design upon thoroughly investigating the literature and defining,
in a complete succinct fashion, the toxicant and/or phenomena to be
investigated.

Taub and co-workers (1980), in their discussion on synthe

sizing aquatic microcosms, provided an excellent blueprint to follow:
(1)

Can ecological processes be demonstrated in synthetic aquatic
(or terrestrial) microcosms?

(2)

Do simultaneous replicates demonstrate similar behavior?

(3)

Can one set of microcosms serve as a control group for compar
ison with another set?

(4)

Do sequential replicates demonstrate similar behavior?

(5)

Are the microcosms sensitive to external stresses?

The inherent behavior of microcosms, as alluded to earlier, is
dynamic and, hence, subject to considerable variability although it may
not in all aspects fully represent the natural environment.

Thus, the

design and actual construction of a microcosm system will, to a con
siderable degree, exert an influence on this variability.

Pritchard et

al. (1979) noted, in aquatic microcosm studies, that system design
factors, to an appreciable degree, influence results with regard to
compound half-life, effect and environmental fate.

Portier and Meyers

(1981), referred to these system impinging factors as "containerization"
effects.

Therefore, in regard to overall microcosm design, the system

must be simple, reproducible, and inexpensive.

In addition, design
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characteristics or parameters must be examined over a considerable range
to ascertain their effect on documented degradation processes prior to
inclusion into the microcosm (Guiddings and Eddleman 1979; Taub 1969).
Good replicability and elucidation of fundamental ecological mechanisms
is attainable if care in initial microcosm design is taken.

Physical Parameters. As noted in the previous section, microcosm design
plays a major role in experimental strategy on decomposition studies.
The correct and prudent establishment of important physical parameters is
perhaps the first consideration.

Of the physical conditions established

in any microcosm system, mixing is probably the most important.

Con

sideration must first be taken as to a specific type and location (e.g.,
pelagic zone, benthic zone, sediment, terrestrial).

As noted by Harte et

al. (1980), the amount of mixing within the water column is important in
determining microcosm behavior and can lead to sediment size dependent
differences in overall results.
For photosynthetically-active biological components in microcosm
systems, illumination, as well as temperature, become equally important
physical parameters.

And finally, depending upon the water body or

locale in question, salinity is also an important consideration.

Further

more, with regard to the specific hydrodynamic characteristics of the
specific sampling site, flow-through or static microcosm features must be
considered.

Chemical Parameters. Harte et al. (1980), in discussing laboratory
microcosms, pointed out that these are merely a collection of chemicals
and organisms within well defined spatial boundaries under controlled
physical conditions.

Microcosms must, of course, reflect the overall
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chemical properties of the natural system.

However, the size and com

plexity of the microcosm design itself will influence these chemical
properties.
Patrick and co-workers (1975) have established the importance of
redox potential not only for in situ toxicological investigations but
also for laboratory studies.

Neame and Goldman (1980), in analyzing

oxygen uptake and production in sediment-water microcosms, noted that
macrofauna were responsible for 60% of the total movement of oxygen into
sediment, whereas, physically generated eddy diffusion was responsible
for an addditional 30%.

Approximately 49% was consumed by microbiota

once in the sediment, 42% by chemical oxidation of reduced compounds, and
only 9% by macrofauna respiration.

Hence, the movement of 0^ and measure

ment within the sediment matrix is of critical importance in understanding
sediment-water exchange processes.

As noted by Patrick et al. (1975),

dissolved oxygen analysis of these exchange processes is limited and, at
times, ineffectual considering the rapid change from aerobic to anaerobic
conditions within a few millimeters in flooded soils.

A careful moni

toring of changes in redox potential, coupled with pH changes with time,
can provide a useful three dimensional reference frame for not only
describing and controlling microcosm conditions but also can serve as a
useful tool in mathematical modeling studies.
Other chemical characteristics come into play in establishing
microcosm chemical parameters but are more dependent upon biotic vari
ables than Eh/pH.

Nutrient flux dynamics in microcosm systems are as

equally dependent upon the relative input-output concentrations of
phosphorous, magnesium, manganese, iron, etc., as on the number of
bacteria, algae, protozoa, rotifiers, or amphipods.

Many investigators,
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(i.e., Leffter 1978; Webster et al. 1975; and others) have attempted to
monitor the above nutrient parameters as stress indices.

Besides being

very costly to monitor on a daily basis, post-perturbation behavior in
microcosms provided less than clear indication of nutrient flux stability
for appreciable periods of time.
Sediment composition also has been considered an important abiotic
parameter in microcosm standardization.

Taub and Crow (1980) have listed

standard and complex sediment composition levels with varying amounts of
cellulose, chitin, bentamite, and calcium.

Other investigators have

avoided the use of standardized sediment which may have sufficient
artifacts to make microcosm results attributable more to design rather
than to xenobiotic impact.

A second approach is to use sediment from in

situ sampling sites in a sufficient number of control and experimental
microcosms to statistically minimize sediment post-perturbation anomalies
and to allow for analysis of xenobiotic rather than microcosm effects
(Portier 1979).

Biological Parameters. As a corollary in microcosm design with regard to
relative size and shape, one must consider the biological component
inhabiting the microcosm under the dimension restraints.

At this juncture,

two approaches, as noted by Giesy and Odum (1980) can be taken:

(1) a

generalized system can be constructed with a maximal number of components
and pathways for consideration using a holistic ecosystem approach, and
(2) a site specific microcosm can be designed to assess localized or time
restrained phenomena for very specific habitats.

The first method

increases the difficulty in monitoring independent processes while the
latter perhaps minimizes the complexity one would find under real world
situations. Since the abiotic structural richness of the microcosm design

limits to a great extent the complexity and resilience of the biotic
component, a certain degree of objectivity must be taken regarding what
approach to use.

In general, however, simple microcosms provide the

means for monitoring specific essential environmental rate processes for
short periods of time at a much improved cost benefit ratio.

Reproducible

results in specific-design microcosms provides as sensitive a measuring
tool for important transport processes as costlier, more complex, micro
cosms in which identification of these processes is more difficult.

In

summary, the advantage of simplified, naturally derived systems is that
they, like more complex systems, presume the inclusion of all major
ecosystem functions in a proper relationship but, with less inherent
complexity, provide the opportunity to assess system parameters directly
(Brockway et al. 1979).

Modeling Aspects. For microcosm approaches to provide meaningful infor
mation on xenobiotic phenomena in natural habitats, they must minimize
unexplained variability with diminishing realism (Geisg and Odum 1980).
Close coupling of field and laboratory (microcosm) information, as
proposed by Gillett (1980), facilitates development of valid predictive
models as well as providing useful quantitative data on in situ inter
actions between the xenobiotic and the ecosystem.

In hazard assessment

methodologies, as outlined by Hague (1980), a rigorous statistical
treatment of all experimental results not only is the first step in
providing this quantitative data but also is a major protocol development
in microcosm standardization.
Current microcosm technology consists of the use of a myriad of
testing procedures in numerous design systems.

Variation in data is

evident between laboratory and field tests as well as within individual
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laboratories over time and between laboratories.

Mathematical models are

currently being considered as a means of building individual data sets
and for establishing and defining specific microcosm monitoring require
ments (Lewis, personal communication).

Application in Ecological Research
Terrestrial Microcosms. The decomposition of dead organic matter, in
both terrestrial and aquatic habitats, is an essential component in the
biological cycling of matter, wherein 80-90% of primary production is
ultimately substrate for decomposer organisms (Odum 1971).

Recognizing

the fact that the introduction of a toxic material into a specific soil
may result in significant alterations to the indigenous decomposer
community (Tyler 1975; Lighthart and Bond 1976), early efforts in the
development of terrestrial microcosms involved the simulation of soil/
litter communities.

Table 1-1 lists several of the major synthetic

terrestrial systems developed to date.
Soil systems have been demonstrated to be useful in agricultural
tests of fumigation in tilled soils.

However, they are seriously lacking

in the analysis of nutrient dynamics in litter-root-soil microenviron
ments.

Furthermore, ground sieved soil slurries present an additional

artifact when attempting a realistic interpretation of results.

Litter

systems also are lacking in terms of general acceptance due to the fact
that litter alone does not represent forest ecosystems.

Soil litter

systems would be deemed acceptable for determination of toxicant environ
mental fate with the establishment of improved CO^ respiration quantif
ication.

Gnotobiotic test systems are considered to be useful research

tools but are inherently expensive to maintain and may provide results
atypical of natural soil systems.

Table 1-1.

Terrestrial Microcosm Systems

Systems

Community
Composition

Experimental
Design

Parameters

References

(1) Soil

microflora

dried, sieved ground
soils in a slurry;
residue analysis

% moisture,
soil, type

Johnen and Drew 1977
Atlas et al. 1978

(2) Litter

microflora

identical to soil,
except litter is used;
residue analysis

litter type, time,

Spalding 1979

(3) Soil-Litter

microflora

combination of the
previous two; CC^
efflux, C>2 uptake
heat output, residue
analysis

soil type, litter
type, % moisture,
time

Bond et al. 1976
Ausmus and O'Neill
1978

(4) Gnotobiotic
Soil

defined microflora
and fauna

same as above

sterile soil,
community composition,
time

Coleman et al. 1977

crop plants with
microbial community

greenhouse potted
plants; pesticide
effect; residue
analysis

plant type, soil
type, greenhouse
conditions, time

Eno and Everett 1958

corn seedlings with
microbial community

corn seedlings on
homogenized soil in
an 86 x 154 mm plastic
cylinder on leachate
collector; seedling
mortality; residue
analysis

seedling type,
moisture, time

Lichtenstein

(5) Soil-Plant
(a) pot

(b) Lichtenstein

I— *

u>

Table 1-1.

Continued

Systems

Community
Composition

(c) Agroecosystem
Chamber

crop plants
microbial

crop plants grown in
a 15 cm layer of
seived soil in a
115 cm high x 150 cm
x 50 cm glass box;
volatization and residue
analyses

air flow,
temperature

Nash et al. 1977

small plants of
different taxa,
litter, micro
flora
invertebrate
fauna

natural soil, litter,
plants in a 16.2 cm
dia plastic desicator,
C0_ content respiration
rates

air flow
(2.5 L/min)

Odum and Lugo 1970

(b) Witkamp

seedling trees,
soil fauna

glass or plastic
cylinders 7-13 cm dia
x 10-13 cm deep with
a leachate port, to
which various soil,
plants, litter, animal
combinations added;
dynamics o!3f*H0Ut
isotopes (
Cs)

seedling type,
soil type, depth

Witkamp 1976

(c) Metcalf

caterpillars
slugs, pillbugs
terrestrial crop

crop planted sloping
soil in aquaria;
plant growth, animal
mortality, residue
analysis

soil type, slope
animal population
% moisture, time

Metcalf et al. 1979

(6) Soil, Litter
Plant, Animal
(a) Odum

Experimental
Design

Parameters

References

Table 1-1.

Continued

Systems

(d) Terrestrial
Microcosm
Chamber

(7)

Soil Core

Community
Composition

Experimental
Design

Parameters

References

soil, alfalfa,
rye, nematodes,
earthworms, snails,
etc.

an elaborate Metcalf
system; pesticide
fate and effect;
fauna1 numbers

airflow, water,
addition of rain,
animal population,
time

Gile and Gillett 1979

above ground
vegetation,
soil,
microflora,
fauna

a 5 cm dia x 5-10 cm
deep core excised
intact from the field;
leachate collector; a
general system for fate
and effect analysis of
toxic materials

soil type, depth

Jackson et al. 1977
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Of the soil-plant terrestrial microcosm systems, the pot system is
most widely used and accepted by agronomists due to experience in growing
plants in greenhouse systems.

The Lichtenstein system is simply a

version of the pot system except that the plants are not allowed to reach
full maturity.

The agroecosystem system is a more refined soil-plant

microcosm system due to its total plant respiration features.

All of

these soil-plant systems lend themselves to microbial activity and
leachate analysis.
The soil, litter, plant, and animal systems are certainly attempts
to develop microcosms more closely resembling "real world" phenomena.
The Odum system provided useful information on community respiration
despite being two order of magnitude lower than field estimates.

The

Witkamp system was designed primarily for isotope fallout dynamic studies.
The statistical factorial design approaches are considered to be superior
to the Odum system.

The Metcalf system is a rather elaborate, expensive

system requiring considerable attention to maintain the parameters
listed.

However, of noteworthy importance in the overall experimental

design, efforts establishing close correlations to field results were
attempted with some success.

The larger terrestrial microcosm chamber is

an improvement over the Metcalf system in that it provided a size advantage
for conducting environmental fate studies.
The soil core excised system presents a complete testing protocol
for both environmental fate and effect testing (Harris 1980).

However,

an acceptable field validation procedure has not been put forward.

Other

variations of the soil core system include the grassland core (Van Vorris
et al. 1978), the sod core (Campbell 1973), the treecosm (Jackson et al.
1978), and outcrop systems (McCormick and Platt 1962).

17

In summation, these systems represent the development of laboratory
field protocol for specific components of ecosystems, ecosystem processes,
or specific toxicants.

Most of these system approaches lack a cohesive

statistical analysis package and generally are elementary in the mainte
nance of test parameters.
considered.

Variability in population dynamics is not

However, most of these approaches are inexpensive and can be

used to provide preliminary findings on xenobiotic fate and effect in a
tiered system approach.

The latter will be discussed in later chapters.

Aquatic Microcosms. As alluded to in the introduction, the work

of

Forbes (1887) can be considered the first effort in the development of a
protocol or experimental design for describing a complex aquatic eco
system.

As noted by Lee (1979), ecosystems are fundamental energy

processing assemblages in which solar heat is converted to chemical/
biological energy and lost as heat.

Man attempts to expresses this broad

spectrum of mechanisms as superimposed flows of energy and matter over
time.

A fundamental mechanism, as simulated in many microcosm designs is

the reduction of organic chemicals to inorganic forms.
Most efforts in development of aquatic microcosm systems have
concentrated on single species, single toxicant tests.

However, the

number of potentially useful system designs is considerable.

Included in

this broad group of microcosms are fish-fish, fish-macroinvertebrate,
fish-herbivore, symbiosis, and ecosystem properties design approaches
(Hammans et al. 1980).

Since the analysis of structural integrity and

functionality of ecosystems with regard to toxicant behavior is an
overall theme of this dissertation, only an abbreviated discussion of
ecosystem property design systems will be presented.

Table 1-2 lists

Table 1-2.

Aquatic Microcosm Systems

System

(1) Mixed Flask
Culture

Community
Composition

Experimental
Design

Parameters

References

bacteria, algae
microinvertebrates

inoculation of artificial
media with organisms from
the natural environment;
population and community
level response; toxicant
effect

media composition,
time, temperature

Gorden et al. 1969
Taub 1969
Taub et al. 1980
numerous other
references...

(2)

Periphyton

attached bacteria,
algae, invertebrates

analysis of community of
organisms attached to
surfaces; respiration,
decomposition, nutrient
uptake

light, temperature,
DO, C0_, surface
type, flow rate

Mclntire 1973
Rodgers et al. 1980

(3)

Sediment Cores
(Eco-core)

sediment/water
interface, microbial
and invertebrate
communities

analysis of extracted
sediment cores, complete
with overyling water,
toxicant leachate
analysis

core dimensions,
water:sediment ratio,
sediment surface
area, location

Pritchard et al. 1979
Porcella et al. 1976

(4)

Pelagic
Microcosms

planktonic organisms

water column microcosms
simulating planktonic
phenomena in pelagic
zones of lakes and
coastal ecosystems

light intensity,
water movement,
vertical distribution

Nixon et al. 1980
Perez et al. 1977

(5)

Pond Microcosms

pond, plant, and
animals; periphytic
and sediment
communities

natural sediment, water
and samples of natural
pond communities are
placed in aquaria and
allowed to evolve...

aquaria size,
material construction

Harris et al. 1980
Giddings 979

Table 1-2.

Continued

System

(6)

Model Streams

Community
Composition

variable communities
microbial to nektonic

Experimental
Design

laboratory constructed
circulating, streams;
population dynamics,
fate analyses

Parameters

References

inflowing water
Warren and Davis 1971
quality, bottom type,
depth, current velocity,
temperature, light
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several microcosm design protocols which may be considered for chemical
hazard assessment as outlined by the Toxic Substances Control Act (TSCA),
as promulgated in 1976.
Mixed flask studies containing algae, bacteria, and other micro
invertebrates are well suited to extensive screening efforts in that they
are relatively easy to mass produce, allowing for a statistically desirable
large number of replicates.

To many investigators, the term "microcosm"

brings to mind such mixed flask approaches.

The inherent difficulty of

such microcosm approaches is in obtaining similar environmental character
istics within the same experiment as well as in succeeding experiments.
However, efforts are still being directed to incorporate this approach
into a standardized bioassay for chemical hazard assessment.
Periphytic community microcosm tests show considerable promise as
approaches for determining stress in an environment due to xenobiotic
addition.

Much progress has been made in studying the ecology of these

attached communities.

Gerhert et al. (1977), reported excellent repli

cability between three diatom communities.

Functional measurements such

as ATP, CC>2 assimilation, and chlorophyll-a proved to be more consistent
than species abundance analysis.

Several design systems are currently

under investigation (Hammans et al. 1980).
Sediment cores, such as the "Eco-core" as outlined by Pritchard et
al (1979), are considered to be useful approaches for degradation experi
ments.

Factors affecting the microbial activity in these cores include

core dimensions, water:sediment ratio, and nutrient exchange across
sediment water interface.

It is felt by many EPA researchers that

sediment cores provide realistic simulation for short half-life toxicant
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degradation analyses.

They are actively being considered as standardized

hazard assessment tools.
Pelagic microcosms, simulating the water movements of lakes and
coastal areas, are as variable and unpredictable as pelagic ecosystems
themselves (Giddings 1980).

Considerable difficulty occurs in simulating

the resupply of nutrients to surface waters by bottom water.

Furthermore,

containerization inhibits vertical distribution of organisms and nutrient
input resulting in a homogeneous community (Margalif 1968).

Current

research efforts in this area of microcosm design include methods to
control wall growth and to more accurately reproduce natural temperature
regimes.

These approaches are inherently expensive due to the tank

capacity, water type, and ancillary parameters control equipment used.
These microcosms range in tank capacity from 50 to 1000 L.
Pond microcosms, while not lending themselves to making good predic
tions with regard to toxicant behavior in other aquatic ecosystems, do
realistically simulate the behavior of these compounds in natural pond
communities.

The Monsanto Company (Eggert et al. 1979) have used pond

microcosms for improving tertiary waste treatment protocols in petro
chemical industries.

However, due to their inconvenient size, such

microcosms are considered inappropriate for screening large number of
chemicals (Gledhill and Saeger 1979).
Model streams are potentially useful microcosm approaches for
environmental fate studies, wherein transport phenomena plays an impor
tant role in xenobiotic impact.
classes of model streams:

Giddings, (1981) noted the three major

closed (completely recirculating) systems,

partially recirculating systems, and open (once through flow) systems.
System types range from small laboratory scale systems to large scale
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outdoor streams.

Statistical analysis of results is more easily achieved

with small benchtop systems.

However, it is felt that larger stream

systems will more closely simulate "real world" conditions.

With regard

to using such microcosms as a TSCA hazard assessment tool, small laboratory
stream systems are considered to be more desirable provided that the
model ecosystem accurately incorporate the processes and components of
the natural ecosystem relevant to the questions being asked (Giddings
1980).

These stream systems are invisioned as being test protocols to be

employed in advanced stages of testing.
In summation, naturally-derived mixed type flask studies are con
sidered to be the most cost beneficial approach for routine testing.
Sediment core and model stream approaches appear to be equally attractive
approaches despite being somewhat more expensive and/or space-limiting
than mixed flask approaches.

Along with model pond approaches, the above'

lend themselves to secondary or tertiary toxicant screening protocols.
Pelagic and large model stream approaches are useful in terms of deriving
ecologically-significant information but are inappropriate as a tool for
TSCA hazard assessment.

Mathematical Models. The use of mathematical models as a tool for
predicting effects and fate of toxic substances on multi-population
systems and ecosystems is a recent development.

Several ecosystem

simulation models exist and can possibly be modified for toxicant
screening purposes.

Also, more simplistic single species models possibly

can be up-graded for this purpose.

However, evaluation criteria have

been established by the Environmental Protection Agency (Barnhouse 1981)
as a means of judging the usefulness of each model developed as well as
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the implementation of these models in laboratory evaluation methodologies.
The evaluation criterion is briefly mentioned below:
(1)

The degree of modification required for handling toxic material
inputs.

Can toxic materials be modeled directly?

(2)

Data requirements,

(i.e., time and money)

(3)

Generality.

(A)

Ease of validation.

(5)

Social relevance.

(6)

Relevance to monitoring.

(7)

Spatial/temporal scales.

(8)

Ease of use.

(9)

Acceptance by the scientific community.

Is the model geographic or ecosystem type specific?

Table 1-3 lists the major types of models and methodologies currently
available.

Also presented are descriptive information for each model

with additional comments of limitations or potential applications.
In summary, mathematical models developed to date are analogous to
laboratory test systems in that they provide analogues to the natural
environment but are not interchangeable and are usually site specific.

A

conclusion reached at an EPA workshop, "Mathematical Models Useful in
Toxicity Assessment" (Barnthouse 1981), was that existing models have not
been demonstrated to be useful for predicting the effects of toxic
substances on ecosystems.

Furthermore, no single model or model type can

meet all of the regulatory needs of TSCA.

Limitations In Microcosm Approaches
The underlying assumption of any microcosm effort is that the micro
cosm or experimental system is:

(1) an accurate expression of uncontrol

lable field situations, (2) a more precise elucidation of field processes,

Table 1-3.

Mathematical Modeling Systems

Systems

(1)

Ecosystem Simulation
Models
(a) terrestrial

Description

General Comments

References

regional scale models on
limitations due to large
DDT modeling and nutrient
quantities of data
cycling; forest succession
necessary for analysis
models and forest management
practices

Hoffman et al. 1977
Shugart and West 1977

(b) aquatic

transport and fate models
for aquatic habitats;

lacking in sufficient
chemical and physical
detail

Morgenson and Jorgensen 1979
Kremmer and Nixon 1978

(2)

Generalized
Multipopulation
Models

ecosystem simulation of a
particular ecosystem type

models developed not
interchangeable with
type; transport phenomena
not incorporated

Craig et al. 1979
Eggers 1975
Hsu et al. 1977

(3)

LOOP Analysis

the analysis of partially
specified ecosystems to

component variables
(populations, life stages,
etc.) are known but parameter
values and functional forms
are not

Lane and Levins 1977

(4)

Population Genetics
Models

rates of changes in gene
or phenotype frequencies
to predict adaptive
responses of species to
toxic substances

potentially a useful model
for screening toxic chemicals
however, there is a serious
lack of practical applications
of this model to experimental
data

Kimura and Ohta 1971
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and (3) a simplification of complex functions being expressed in these
field situations.

They are extremely useful in monitoring these field

processes as well as in defining the important interactive functional
groups as they control and/or limit biotic activity in, for example,
aquatic microenvironments.

However, one must be aware of the limitations

imposed on a microbial community with the onset of containerization in
any microcosm system (Portier, 1979).

Briefly discussed are several

relevant considerations or limitations when employing a microcosm approach.

Microcosm Chronology.

Population densities of microorganisms will change

immediately upon containerization.

In particular, bacterial and fungal

populations will increase rapidly over a 48 hour period.

However, upon

reaching a higher population density plateau, the microbial commnity will
remain at a relative steady state for a period of 24 to 40 days.
rapid CC^ expiration and
of microcosm preparation.

Thus,

uptake will occur within the initial stages
Hence, estimates of xenobiotic impact of a

microenvironment during this time period will result in false positive
indications of environmental effect, and most importantly, fate.

Microcosm Variation.

In addition to microbial fluctuations within

individual microcosm units, considerable variations among several micro
cosms also will occur during initial preparation.

Hence variations

between control and experimental units may be statistically significant.
Furthermore, any drift in microcosm controlling parameters will also
result in erroneous estimations of xenobiotic effect and fate.

A worth

while investment in sensitive monitoring equipment is necessary to
minimize these fluctuations between control and experimental microcosm
units.
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Soil and Litter. The amount of soil and/or litter (i.e., organic content)
within each microcosm will affect respiration rates and adsorption and
absorption characteristics of the indigenous microbial community.
Clumping phenomena will minimize the degree of interaction between the
toxicant and the microbial component, and will also elucidate the forma
tion of aerobic/anaerobic pockets.

The toxicant will then be subjected

to fluctuating physical-chemical processes.

It must be noted that

anaerobiosis is a desirable condition in that it is a forcing function in
toxicant residence time and half-life.

Ideally, one is looking for a

more uniform aerobic/anaerobic layer somewhat analogous to field environ
ments.

Hence, a uniform distribution of organic content in initial

microcosm preparation is desirable.

Soil Moisture Effects. Bacterial populations will normally prevail under
high moisture conditions, with fungi responding more favorably to drier
conditions.

Hence, integrated microbiological activity will differ with

moisture content.

The environmental fate and effect estimates of a

toxicant will be imprecise as a result of this microbial activity fluc
tuations.

Also, moisture content will influence toxicant dispersal and

dilution within the microcosm unit.

Salinity Effects. Fluctuations in salinity will affect relative respira
tion rates and also the makeup of key morphological assemblages i.e.,
bacteria, fungi, yeast, actinomycetes.

Species dormancy and abundance is

directly affected by these ionic effects.

Biological Age. Ratios in morphological groups are influenced by Eh/pH,
water content, organic load or salinity as well as by relative biological
age.

Soil/sediment materials used in initial microcosm preparation
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introduce a certain factor of pre-determination in terms of microcosm
prediction of fate and effect.

Older materials will by their very nature

and indigenous microbial content, affect toxicant half-life estimates.
In older materials, actinomycetes and fungal populations may be signif
icantly higher or lower depending upon organic content depletion or final
moisture content.
Biological age refers to microcosm materials age and to the micro
cosm themselves.

Toxicant addition to a microcosm unit, after a con

siderable incubation period has elapsed, may result in statistically
significant variations in biomass performance and CO^ expiration.
in itself, is not altogether an improper approach to follow.

This,

In estab

lishing truly anaerobic microcosm conditions, this extended incubation
period is necessary to achieve the proper redox levels desired.

Thus,

one must be realistic as to what materials are used in microcosm prepara
tion but must also be pragmatic in establishing the procedural details
and steps necessary to achieve and maintain the parameters desired.

Single Toxicant vs. Toxicant Combinations. Total biomass response alone
is not a statistically acceptable indicator of toxicant fate or effect.
A multiple analysis approach will provide a more complete indication of
xenobiotic addition.

A case in point is the addition of either a single

toxicant or multiple combination into a microcosm system.

In "real

world" situations, a multitude of complexes and interactions can result
from multiple treatment.

Bollag (1974), in his discussion of microbial

transformation of pesticides, goes into great detail on several of these
major interactions, including cooxidation and cometabolism.

In several

investigations conducted in our laboratories (Portier and Meyers 1981a, b),
biomass increases were noted for the total microbial community for
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several toxicants.

However, these toxicants also were being selective in

mode of action as noted by significant changes in microbial diversity
ratios.

A more complete discussion on this point will follow.

In

summary, single and multiple toxicant effects can only be accurately
characterized by a multiple analytical approach.

Organic Complexation of a Toxic Substance. A final consideration in
microcosm design and preparation is the organic complexation of a toxic
substance.

This point was briefly alluded to earlier in monitoring

soil/litter loads.

It is mentioned again to emphasize the extremely

important significance of this process, in terms of toxicant residence
time or half life as well as to point out the enhancement of lethality of
a toxicant when this occurs.

Doyles et al. 1975, in working with heavy

metals, concluded that binding of toxic substances by soil components is
the single most important factor for organism survival.

Concentrations

of toxicants by soils and sediments accumulating over an extended time
frame can lead to environmentally significant levels with disastrous
outcomes, should key parameters such as Eh/pH be altered (Gambrell et al.
1978).

Thus, the final interpretation of toxicant behavior in microcosm

systems, while including all of the limitations or cautions noted previ
ously, can be generally described by the behavior of a toxicant in
relationship to and as a functional consequence of organic content and
quantity.

SUMMARY AND CONCLUSIONS

Microcosms provide a vehicle for simulating, and not necessarily
duplicating, processes occurring in the natural environment in an attempt
to understand the relevant physical, chemical, and biological processes
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controlling biotic activity in these systems.

They basically allow for a

simplification of a complex ecosystem whether it be terrestrial, aquatic,
or combination thereof.

While the usefulness of microcosm approaches

lies in defining these control mechanisms, important limitations of
microcosms exist, in part attributable to problems in applying results
from these simplified systems to the complex natural ecosystem.

However,

the product of these microcosm efforts still is of considerable importance
and value in that preliminary considerations of toxicant impact and
environmental effect and fate can be made.

Their predictive value, as

cautioned by Plimner (1978), must be tested in terms of "real world"
phenomena.
In the following chapters presented in this dissertation, a correl
ative field and laboratory microcosm approach will be presented for
ascertaining xenobiotic effect and fate in diverse aquatic microenviron
ments.

The protocol draws from the theory and application given in this

first chapter and directly addresses some of the limitations and/or
problems noted in these earlier microcosm efforts.
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Chapter Two:
A Technical Description of Continuous-Flow and Carbon Metabolism Micro
environmental Systems

ABSTRACT
The impact of toxic chemicals on the environment and the need to consider
such factors in land use and disposal situations has necessitated the
development of usable analytical predictive approaches.

Such analytical

approaches include aquatic microenvironmental systems or microcosms which
are designed to simulate the "target" environment and introduce relevant
biological, chemical, and physico-chemical elements.
tion of two microcosm designs is presented.
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A technical descrip

INTRODUCTION

Usable analytical predictive approaches, or protocols, are needed to
discern and resolve problems between maintenance of regions of aquatic
productivity and chemical discharges from diverse industrial sources, as
well as sites of accidental spills and waste disposal.

A major diffi

culty in such assessment studies is to obtain reproducible and valid test
information for monitoring of critical factors to allow accurate analysis
of the particular event.

Ideally, the approach should combine field and

laboratory investigations, with the latter designed to simulate the
"target" enviroment and introduce relevant biological, chemical, and
physical-chemical elements that significantly affect substrate turnover
and microbial processes.
The value and application of the microcosm approach in assessing
effects of toxic chemicals is well documented (Hague 1980).

The micro

cosm systems, presented in this chapter, can be modified to meet specific
requirements, i.e., aerobic vs. anaerobic,

14

C respiration, rate/fate

analyses, etc., and is designed to monitor a variety of physico-chemical
factors comparable to those of in situ environments.

Microcosm Development
Initial attempts in microcosm design consisted of stoppered 250 ml
Erlenmeyer flasks fitted with an adjustable air supply.

These flasks

were agitated at 100 rpm on an orbit shaker at room temperature to
simulate soil water interface conditions in a freshwater swamp forest
study site.

Toxicants or key substrates, i.e., chitin or cellulose, were

introduced by a sterile 50 cc syringe.
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Sample aliquots were removed
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intermittantly in a similar fashion.

This static microcosm design was

limiting in its flexibility to adjust to various pH and temperature
conditions.

Hence, the reproducibility of derived information was only

marginally superior to earlier field sampling methods.

Continuous Flow Microcosms
In an effort to maintain a more precise controlled environment to
study microbial/substrate changes induced by xenobiotic addition, a
continous flow microcosm design was developed and evaluated (Portier
1979).

An improved version of this original design is shown in Fig. 2-1.

The unit consists of a 2400 ml reaction vessel with a medium fritted
disk bottom and Buchner funnel connecting flow frame.

An overflow spout

is attached at the 2000 ml mark to prevent buildup of inoculum due to
blockage in the system.

The dimensions of the 0-ring mounted Teflen©

flange headplate is also shown in Fig. 2-1.
Toxicants or substrates are pumped into the reaction vessel by means
of a peristaltic pump (Harvard, Model 1203A) through a sterile medical
grade tubing (Silastic , Dow-Corning). Accurate flow rates as low as
0.0042 ml/min can be obtained.

Upon entering the reaction vessel, test

compounds are uniformly distributed into sediment material as a result of
air (or nitrogen) sparging through the fritted disk bottom, so as to
promote the development of an acceptable sediment/water interface.
Original designs consisted of air sparging of the sample as it was
stirred intermittantly by means of magnetic stirrer.
The peristaltic pump maintains the

desired level of water and

sediment by removing excess liquid from the system at the same rate
liquid is added.

An 0-ring flanged sediment trap at the top of a mul

tiple joint export column prevents sediment loss to the system and allows

Figure 2-1.

Continuous flow microcosms.
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for the daily re-introduction of any possible sediment accumulation to
the reaction vessel.

Excess water is collected in 4000 ml aspirator

bottles (Corning #1200) to monitor toxicant or substrate loss to the
system and maintain aseptic conditions.

Dimensions and technical drawings

of the export column and sediment trap are shown in Fig. 2-1.
Temperature is maintained by means of a heat lamp system regulated
by a proportional indicating temperature controller (Versa Therm, Model
K2155-20) and proportional power multiplier (Model K2156-10) providing a
sensitivity of ±0.5% of range.

Earlier designs using heated water bath

systems did not provide the desired sensitivity.
The pH/Eh condition of the reaction vessel is maintained by a series
of pH/Eh controllers (Horizon No. 5997) connected to another peristaltic
pump (Masterflex, Model #7545) for pH or a gas regulator (G.E. No. 2461)
for Eh.

Accuracy is within ±0.5% of range.

Figure 2-1 indicates the

various probes and sensors for one microcosm unit.

However, a battery of

six microcosm units can be monitored continuously by using multi-channel
relays (Cole Parmer No 8388) for both Eh/pH and temperature controllers.
Samples can be withdrawn aseptically from the reaction vessel by
means of micropipette or syringe.

Due to the uniqueness of the surgical

grade tubing and Teflen® fittings and flanges used, the entire assembly
can be autoclaved and sterile conditions be maintained for prolonged
periods of time.

Carbon Metabolism Microcosms
Studies on kinetic biotransformation of radio-labeled substrates and
toxicants, in single application or static microcosm conditions, neces
sitated the development of a "static" or carbon metabolism microcosm so
designed as to trap

14
CO^ in liquid scintillation vials.

As shown in

Figure 2-2.

Carbon metabolism microcosms.
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Fig. 2-2, the reaction vessel is a 2400 ml tall form beaker mounted on a
magnetic stirrer (Cole Parmer No. 4810), firmly supported and immobile to
prevent spillage of radioactive materials.

Furthermore, each unit is

placed in a standard 4000 ml capacity stainless steel or porcelin surgical
tray to collect leakage should any failure in the reaction vessel occurs.
Both labeled and non-labeled materials are introduced into the
sealed reaction vessels by means of syringe or micropipette.
aliquot samples are removed in a similar manner.
into each reaction vessel aids in entrapment of

Replicate

Air or nitrogen sparged
14
CO^ by liquid scintil

lation vials containing a complete oxidizer cocktail (C02-MET, Amersham).
14
C02

Figure 2-2 shows the dimensions and specifications for the mounted
collector.

Temperature an pH/Eh are controlled by equipment and methods previously
discussed for use in continuous flow microcosms.

Due to the static

nature of this particular microcosm design, evaporation loss is a critical
consideration for kinetic data analysis and interpretation.

An automatic

liquid level controller (Cole Parmer No. 7186) connected to a peristaltic
pump can effectively maintain the liquid level in a battery of six micro
cosm units.

The unit is equipped with a safety device to prevent over

loading of sterile water or inoculum in each unit above the desired
level.

Hybrid Systems
Both the continuous flow and static microcosm systems are designed
to answer specific questions and function as independent units.

The

continuous flow units particularly address the questions of adsorption
phenomena in sedimentary materials, selection and adaptation by indige
nous microflora, and species replacement with toxicant addition.

In
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general, the behavior of a toxicant under dynamic conditions can be
ascertained.
Likewise, the carbon metabolism microcosm unit, by its very nature
i.e., static, provides a vehicle for discerning kinetic rate expressions
of compound disappearance or biotransformation.

In addition, it lends

itself to analysis of toxicant phenomena under anaerobic conditions.
As is shown in Fig. 2-1 and 2-2, the dimensions and characteristics
of both systems are standard and, therefore, lend themselves to the
construction of possible hybrid microcosm systems.

One such system,

examined in the laboratory consists of a flow through system using the
static reaction vessel rather than the fritted disk vessel.

Such a

design has been used for continuous flow anaerobic microcosm studies in
which extremely slow flow rates are employed.
A second system design consists of a linkage of the two intact
systems by means of the export line from the continuous flow unit.

Using

this design configuration, breakdown metabolites from a toxicant which
has been monitored in the export reservoir can be introduced into the
static unit for kinetic biotransformation analysis.

An opposite flow

scheme is also possible and lends itself to interpretation of toxicant
phenomena under anaerobic to aerobic fluctuations.
Finally, an additional "hybrid" system can be designed for axenic
culture immobilized biocatalyst studies.

The carbon metabolism units

replace the input reservoir for the continuous flow system.

Thus, a

controlled enriched batch cultivation of an input microbial or enzymatic
source is then possible.

Other variations along this theme using the

standardized equipment and glassware are possible.

SUMMARY AND CONCLUSIONS

Improvements in microcosm design are still underway.

Several

different continuous flow schemes are still under evaluation.

The

advantages of the present system design (1) allows for variability in
temperature and Eh/pH; (2) permits maintenance of a sediment water
interface analgous to conditions in a natural environment; (3) allows for
input and outflow of a variety of test solutions; (4) is autoclavable
allowing for sterile conditions for axenic culture; and (5) is capable of
maintaining these parameters for a period of 5 weeks or longer.

Since

all of the electronic components of the two microcosm systems have
computer interfaces, a projected improvement of the overall design would
include both monitoring and pre-programmed experimental design implemen
tation by an inexpensive laboratory computer unit.
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Chapter Three:
Analyses of In Situ Microenvironments for Microcosm Parameter
Identification and Assessment

ABSTRACT
Variations in microbial diversity, enzyme activity, ATP, and substrate
uptake in ecologically diverse, but interrelated soil/sediment micro
environments in coastal wetland systems provide a vehicle for microcosm
parameter identification and assessment.

These variations reflect auto

chthonous parameters of microbial viability in toxicological studies as
well as characterizing land management practices between hydrologicallylinked localities.

Such observations provide a baseline for monitoring

possible impact due to xenobiotic runoff and introduce methods for
establishing criteria for decision and productivity assessment for
wetland management.
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INTRODUCTION

The impact of toxic chemicals on the environment and the need to consider
such factors in land-use decisions is well recognized.

Usable analytical

predictive field approaches are needed to discern and resolve problems
between maintenance of regions of aquatic productivity, and chemical
discharges from a variety of industrial sources as well as sites of
accidental spills and disposal.
A major difficulty in assessment studies is that of obtaining
reproducible valid field test information in the proper monitoring of
critical factors that allows adequate interpretation of the significance
of the particular environmental event.

The approaches presented in this

chapter provide for in situ analyses of interrelated soil/sediment
microenvironments.

From these analyses, the identification of key

microcosm parameters can be realized and, following assessment, utilized
in microcosm programmed environmental fate and effect protocols for a
variety of toxicant classes.

Close coupling of field and laboratory

(microcosm) information, as proposed by Gillett (1980), facilitates
development of valid predictive models as well as providing useful
quantitative data on the in situ interaction between pollutant and the
ecosystem.

A general objective of combined field/laboratory analysis is

to provide a better understanding of biotic and abiotic factors that
affect toxic chemical breakdown over a range of salinity conditions.
However, methodologies developed in terrestrial studies generally are not
applicable to investigations in aquatic regimes.
involve the long-term effects of water itself.
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Primary differences
Thus, comparable field
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and laboratory (microcosm) work in wetland or flooded systems, especially
those with variable and fluctuating salinities, is generally lacking.

MATERIALS AND METHODS

Sample Collection.

Soil and sediment collections were made in the

Terrebonne-Timbalier Bay and Barataria Bay drainage basins, Louisiana
(Fig. 3-1).

These watershed regions comprise distinctive vegetative

zones and areas of contrasting salinity, all affected by a Gulfward
movement of water.

The brackish and freshwater regions, located adjacent

to intensively cultivated agricultural fields, are most directly affected
by runoff.
Cores consisting of aluminum cylinders, 60 cm tall x 7.6 cm
diameter, were inserted into the sediment to the water level, capped and
sealed, and stored on ice for transportation to the laboratory for
microbial analysis.

In drier sites, an inclined trench to a depth of

60 cm was dug with an undisturbed wall at one end for aseptic sampling.
All samples were processed within a 12 h period.'

Sediment from the

particular sites was used to inoculate individual microcosms and to
categorize the major microbial groups present.

Enumeration of Microorganisms. For enumeration of total heterotrophic
aerobes and anaerobes, sediment samples were appropriately diluted with
phosphate buffer, pH 7.2.

Using the pour-plate method, replicate 0.1-ml

samples were added to standard plate-count agar (Difco), incubated for 3d
at 26 C, followed by enumeration of colony-forming units (CFU). For
anaerobic studies, proper atmospheric conditions were maintained using a
disposable hydrogen/carbon dioxide envelope (Gaspak) in the presence of a
cold catalyst in an anaerobic jar.

A methylene blue indicator strip was
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Figure 3-1.

Terrebonne-Timbalier Bay and Barataria
Bay Drainage Basins, Louisiana.
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used to insure anaerobiosis. Plates were incubated at 36 C and examined
every 24 h.
Four general groups of microorganisms, i.e., bacteria, actinomycetes, filamentous fungi, and yeasts, were enumerated based on colonyforming units (CFU) as described earlier (Portier and Meyers 1981a).

For

enumeration of bacteria and actinomycetes, replicate 1.0-ml aliquots were
inoculated on Jensen's (1930) agar medium.

Cycloheximide (Sigma), an

antifungal agent, was added at 40 |Jg/ml to inhibit overgrowth by fila
mentous fungi.

For enumeration of filamentous fungi and yeasts, Martin's

(1950) agar medium was used together with streptomycin (Sigma) and
chlorotetracycline (Sigma) at 30 Mg/™! to retard bacterial growth.
plates were incubated at 30 C and examined after 3 d.

All

Colonies were

enumerated under a dissection microscope to distinguish morphologically
the four microbial groups.

Enzyme Assays. Phosphatase activity was determined using the procedure
outlined by Tabatabai and Bremner (1969), and modified by Atlas et al.
(1977).

Replicate 2-g aliquots of control and pesticide-treated sedi

ments were placed in 150-ml Erlenmeyer flasks with 0.1 ml of toluene,
4 ml of sterile, distilled, deionized water, and 0.5 mg/ml of p-nitrophenol phosphate.

Flasks were incubated at 30 C for 100 min.

With the

addition of 1 ml of 0.05 M calcium chloride, 4 ml of 0.5 M sodium hy
droxide, and 20 ml of distilled deionized water, each sample was centri
fuged at 8,000 rpm for 10 min and the resulting yellow solution assayed
spectrophotometrically (PYE-UNICOM 1700) at 410 nm for units of £-nitrophenol produced.
Dehydrogenase determination was based on formation of 2,3,5-triphenyltetrazolium chloride (TTC).

Replicate 10-g aliquots of control and
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pesticide-treated soils were placed in 250-ml Erlenmeyer flasks and
brought to 100% water-holding capacity with the addition of a 0.5%
solution of 2 ,3,5-triphenyltetrazoliuro chloride (Sigma), as described by
fiartha et al. (1967).

Each flask was flushed with O^-free nitrogen,

tightly stoppered, and incubated for 6 h (Casida 1977).

The TTC is

converted by dehydrogenase enzymes to 2,3,5-triphenyltetrazolium
formazan, forming a characteristic red color.

The latter was extracted

with 50 ml of spectroscopic grade methanol (Baker Chemical), centrifuged,
and filtered through No. 5 filter paper (Whatman).

Absorption was

measured at 485 nm and dehydrogenase activity units expressed as units of
mg/ml TPF.

Adenosine Triphosphate Assay. An adenosine triphosphate (ATP) assay, as
advanced by Holm-Hansen and Booth (1966J and further presented by Karl
(1980) and Stevenson et al. (1979), was used for determination of micro
bial biomass.

In our earlier unpublished investigations, releasing

reagents from a variety of commercial manufacturers, designed for
specific release and quantification of microbial and somatic ATP, were
used.

These reagents allow selective permeable release of nucleotides

without cell lysis.

Thus, nucleotides are released without being broken

or changed by the enzymes of the cells, and ATP measurement can be
achieved with minimal interfering effects as noted by Stevenson et al.
(1979).

Excellent reproducible assays were achieved with a short

preparation time.

Use of selective applications of the reagents (somatic

and microbial) provides good differential quantifications of ATP.
200 pi of sample was needed for easy assay.

Only

The responsiveness of this

ATP assay approach to toxic substances input is being reported elsewhere.

55
In Situ Investigations. Two interrelated in situ investigations were
conducted within the Barataria Bay drainage basin and the adjacent
Terrebonne-Timbalier system (Fig. 3-1).

In an attempt to identify and

define important system design parameters for laboratory microcosm
investigations, a survey of the microbial diversity and related enzymatic
activity of select aquatic microenvironment along a salinity gradient was
conducted.

Replicate cores, as mentioned earlier, were analyzed at

0-5 cm, 10-15 cm, and 25-30 cm depths for variations in bacteria, actinomycetes, filamentous fungi, and yeast populations.

In addition, determi

nations of phosphatase, dehydrogenase, and microbial ATP levels for these
depths also were made.

Salinity, pH, Eh, and conductivity measurements

at each site were also made and are listed in Table 3-1.

Composite

information generated from these field investigations were compared to
control microcosm tests under the same in situ conditions to discern
possible laboratory field linkages.
A second series of in situ measurements were taken within the Lac
des Allemands site in the Barataria Bay basin, sites previously studied
for salinity gradient characterization, following the spillage of com
mercial oil exploration drilling fluids within an impounded swamp area.
This provided an opportunity to discern, under in situ conditions, the
responsiveness of these field assay protocols.

Replicate cores in the

impounded swamp site were collected for analysis approximately 30 days
following the spill.

Cores were removed at distances of approximately

1 m, 10 m, 100 m, and 200 m from the rupture point in the earthen dike
system constructed to retain these fluids.

Analyses included microbial

diversity, phosphatase, and dehydrogenase activity as well as microbial
ATP.

Analytical identification of the spilled drilling fluids was not
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possible.

From visual observations, there appeared to be a combination

of petroleum hydrocarbons and bulk chemicals called "drilling muds" used
in maintaining deep well flow control.

Microcosm Investigations.

Both continuous flow and carbon metabolism

control microcosm units were evaluated for discerning correlative
parameter linkages with in situ microenvironment measurements.

The

designation "control" refers to those microcosms in which only pristine
sediment and site water was introduced into toxicant-free glassware and
tubing microcosm components.

Gas and liquid chromatography analyses of

control microcosm residual water and sedimentary materials was conducted
to verify pristine conditions during microcosm tests (see Chapter 4 and 5
for procedures).

Sediment from representative in situ sites of varying

salinity were placed into a series of continuous flow and static
microcosm units.

Approximately 50 g (wet wt) of sediment was introduced

into each reaction chamber with appropriate amounts of filter-sterilized
(0.45 urn cellulose acetate membrane) site water to a final volume of 1 L.
For continuous flow microcosms, a test solution, added at a flow rate of
0.105 ml/min (freshwater) or 0.200 ml/min (saline), consisted of filter
sterilized site water.

Temperature and pH was maintained at respective

in situ levels using controlling apparatus outlined in Chapter 2.

Data Analyses.

Statistical methods used have included multivariant

analyses to test the validity and reproducibility of the design features
of the microcosm, together with SAS and Fortran programming approaches.
Evaluations and tests of the variables considered, including population
composition, enzyme response, and tagged compound turnover, all have been
based on repeated runs of replicate sets.

57

RESULTS AND DISCUSSION

Microbial Diversity Along A Salinity Gradient. Variations along a
salinity gradient of four major morphological groups, i.e., bacteria,
filamentous fungi, yeasts, and actinomycetes, are shown
3-3, and 3-4

in Figs. 3-2,

for 0-5 cm, 10-15 cm, and 25-30 cm depths, respectively. In

general, microbial populations decline with depth but vary considerably
between soil/sediment microenvironments.

Significant variations in

bacteria and

actinomycete populations are noted between upland soil, i.e.

agricultural

and pasture, and adjacent freshwater swamp forest sites.

Both groups are lower in agricultural soils at the 0-5 cm depth than
pasture but are higher at the 10-15 cm depth.

This was attributed to

slash burn agricultural practices at the site during sampling.

Subse

quent analysis of these soils during pre-harvest period confirmed popu
lation levels analagous to pasture soils.

Yeast and fungal propagules

were not statistically different between these two upland soils.

All

morphological groups decreased in CFU/g dry wt with depth, reflecting the
increasing anaerobic nature of these soils.

Differences in moisture

content also appear to play an important role in these variations.
Two morphological groups, bacteria and actinomycetes, were signif
icantly higher in the impounded swamp forest site, as compared to either
swamp forest or natural swamp site.

Yeast and filamentous fungi levels

were also higher, although not significantly, and were considered to be
indicative of the high organic material accumulating on the forest floor
as a result of litter fall.

Again, below the 10-15 cm depth, a signif

icant decrease in microbial activity was apparent, indicating changes in
soil organic content and anaerobiosis.

Figure 3-2.

Microbial diversity and enzymatic activity
variations along a salinity gradient,
depth 0-5 cm.
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Figure 3-3.

Microbial diversity, ATP, and enzymatic
activity along a salinity gradient,
depth 10-15 cm.
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Figure 3-4.

Microbial diversity, ATP, and enzymatic activity
along a salinity gradient, depth 25-30 cm.
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Progressing further along the salinity gradient to more brackish and
saline sites, yeasts and filamentous fungi propagules were statistically
more responsive to salinity influences and anaerobiosis than bacterial or
actinomycete populations.

In particular, they appeared to be more

responsive to these in situ parameters with slight changes in salinity.
For the 0-5 cm depth, filamentous fungi and yeast CFU/g dry wt were
higher at 10°/oo than at 22°/00 or 26°/0O salinity, and were comparable
to impounded swamp sites.

This indeed may again be attributable to

organic content, for at the 10-15 cm and 25-30 cm depths, these groups
are much lower in numbers at this mid-salinity range.

There appears to

be less stratification in these two morphological groups with depth at
the 26°/00 salinity level.

Investigations by Stevenson, et al. (1980)

alluded to the possible importance of monitoring the levels of
filamentous fungi propagules in characterizing the flushing phenomena of
detrital-based ecosystems.

Actinomycete and bacterial populations did

not significantly change in total CFU/g dry wt for both salinity and
depth.

However, it is certain that species variations and replacement is

occurring due to the increasing number of gram-bacteria noted; a more
pronounced stratification in actinomycete groups was apparent at the
higher salinities.

Enzymatic Activity Variations Along A Salinity Gradient.

It is note

worthy that phosphatase and dehydrogenase levels were in close agreement
with microbial population levels, giving indications of the degree of
activity of the morphological groups present.

As shown in Figs. 3-2,

3-3, and 3-4, these specific enzyme levels were significantly higher in
microenvironments reflecting higher organic content.

Levels were lower

at natural swamp and 10°/oo brackish marsh sites where flushing phenomena
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over these sediments are more pronounced.

Enzyme activity increased

somewhat at the 26°/00 salinity level perhaps reflecting streamside
organic loading in Spartina alterniflora salt marsh sites.
Specific enzyme diversity levels appear to be less stratified with
depth.

Increases again were noted for sites having higher organic

content but were more homogeneous with salinity fluctuations.

It is

difficult to reach a definitive conclusion about this phenomenon.
Perhaps, these assays are, in actuality, reflecting relative enzyme
activity by microbial populations under more anoxic conditions.

However,

another consideration may be a loss in sensitivity by these two assays
for anaerobic conditions.

For these reasons, an additional assay for

adenosine triphosphate (ATP) levels by the microbial component was
considered in an attempt to provide a more definitive microbial
characterization under these reduced soil/sediment/water conditions.

Adenosine Triphosphate (ATP) Microenvironment Fluctuation. Figs. 3-2,
3-4, and 3-4 present data on adenosine triphosphate (ATP) levels,
reflecting estimates of relative estimates of relative microbial biomass
along the salinity gradient shown.

Higher microbial biomass levels are

noted for the upland soil microenvironments, as well as for the
agriculturally-affected freshwater habitats.

Composite statistical

analysis of total fungal and bacterial populations show high correlations
with microbial ATP.

These and other specific correlations will be

discussed later in the chapter.
Of particular interest, microbial ATP levels closely paralleled
dehydrogenase levels, exhibiting greater sensitivity to salinity and
depth perturbations.

This was especially apparent for the more anaerobic

microenvironments examined.

As noted in Fig. 3-3 and 3-4, microbial ATP
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levels fluctuate more closely with relative morphological group
abundance, particularly under more reduced conditions.
As shown in Fig. 3-2, these levels are lower at mid-salinity ranges
where pronounced flushing processes predominate and tend to increase at
the higher salinities where streamside organic loading occurs.

Yeast and

filamentous fungi populations appear to peak at the mid-salinity ranges
while microbial ATP levels do not.

However, statistical analysis

indicated a strong correlation to bacterial numbers.

Thus, while

microbial ATP estimates reflected and confirmed specific enzymatic trends
for salinity and depth and for composite microbial activity, this assay
more generally reflects bacterial population fluctuations.

Nevertheless,

a fairly concise analysis of microenvironment characteristics can be
ascertained from this assay when viewed in a complimentary fashion with
s

other specific assays presented.

Application of Field Approaches In Ascertaining Toxicant Effects.
Figs. 3-5 and 3-6 present data on the relative effect of several
industrial source pollutants, drilling fluids and crude oil, on
microenvironments situated at distances of 1m, 10 m, 100 m, and 200 m
from the point source in the impounded freshwater swamp forest site.
Visual observations of the spill at the sample site within the general
well site area are noted in Table 3-1.
Microbial diversity variations for bacteria, filamentous fungi,
actinomycetes, and yeast populations are shown in Fig. 3-5.

At a

distance of 1 m from the ruptured dike wall, minimal bacteria and
filamentous fungi number (Log CFU/g dry wt) are noted for all depths.
Actinomycete populations attain sufficient concentration at a distance of
10 m.

Beyond the general work site for drilling operations at 100 m, all

Figure 3-5.

Microbial diversity profiles for depth and
distance in impounded swamp forest site spill.
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Figure 3-6.

Enzymatic activity and ATP profiles for depth
and distance in impounded swamp forest site spill.
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Table 3-1.

Site

Visual observations of impounded site spill

Distance
1 meter

Observation
heavy crude oil mat covering a
drilling fluid cake 10 cm thick;
overlying water 10 cm depth with
oil; heavy petroleum odor

10 meters

surface sediment had crude oil
residues 3 cm thick; no drilling
fluid noted; overlying water
11 cm deep with oil; heavy petro
leum odor

100 meters

beyond tree line, surface sediment
has minimal crude oil residues
(<0.5 cm); overlying water 8 cm
with traces of oil noted; sur
rounding trees have an oil ring
at trunk base waterline; slight
petroleum odor

200 meters

no oil residue noted at trunk base
waterline; overlying water clear
and 12 cm deep; surface sediment
includes characteristic leaf litter
organic mat

four morphological groups were noted and exhibited a characteristic depth
profile.

However, these numbers are lower than those at 200 m, the site

of earlier sampling efforts described in the previous section.

Bacterial

populations appear to be predominant at the more severely impacted site
with filamentous fungi and yeast populations experiencing a significant
shift in total numbers along the relative impact transect shown.
Phosphatase, dehydrogenase, and microbial ATP profiles for each
sample site are shown in Fig. 3-6.

Again, at the 1 m site, minimal
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microbial ATP levels were noted with depth.
genase levels were not detectable.

Phosphatase and dehydro

Minimal levels for these two enzymes

were noted for the 10 m site along with higher microbial ATP levels.

A

more pronounced enzyme profile with depth was apparent at the 100 m
distance from the pollution point source.

At the 200 m distance,

dehydrogenase and microbial ATP levels have increased substantially for
the 0-5 cm depth.

Microbial ATP appeared to provide a greater response

for toxicant effect than phosphatase, with dehydrogenase demonstrating a
more moderate response.

Microbial Diversity Profiles In Control Microcosms.

In previous

sections, microbial diversity profiles were used to characterize
microenvironments along a salinity gradient.

Continuous flow microcosm

microbial diversity profiles are shown in Fig. 3-7 with respect to .
salinity.

These profiles are composite estimates from control microcosm

units operating under pH/Eh, temperature, and salinity parameters
established by in situ measurements.

Bacterial populations decreased

with salinity to the 22°/ot> level and increased slightly at 24°/00.
Fungal propagules steadily increased with salinity.

Actinomycetes

populations, exhibiting a mirror image to fungi, steadily decreased with
salinity.

Yeast populations increased slightly with at the 12°/oo level,

and then rapidly when higher salinity levels were reached.
Carbon metabolism microcosm composite information on microbial
diversity profiles with respect to salinity are shown in Fig. 3-8.
Bacterial population profiles were similar to those in continuous flow
units.

However, slight increases between the 22°/00 to 24°/©o levels,

noted in the continuous flow units, are not apparent for these static
units.

Fungal and yeast populations exhibited similar increases with

Figure 3-7.

Microbial diversity profiles for salinity
variations in continuous flow control microcosms.
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Figure 3-8.

Microbial diversity profiles for salinity variations
in carbon metabolism control microcosms.
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respect to salinity with dramatic increases at the high salinity levels.
Actinomycetes populations were much lower for carbon metabolism units
than continuous flow units for increasing salinity.
In general, the microbial diversity profiles demonstrated in control
microcosm units were comparable to the in situ estimates.

However, due

to containerization effects, these microcosm populations were slightly
higher.

Variations between the continuous flow and carbon metabolism are

most apparent at the higher salinity levels.

The slightly lower levels

for yeast and filamentous fungi in the continuous flow microcosm may be
attributed to the controlled flushing processes occurring in these units.
Similarly, the lower bacteria population levels in the static carbon
metabolism units may be due to the presence of higher yeast and fungi
populations under perhaps a more biotic component induced anaerobic
condition.

Hence, system design characteristics are having some

influence on morphological group stratification, but within controllable
limits.

Enzymatic Activity Profiles In Control Microcosms. While microbial
diversity profiles provide information on relative microbial community
structure for diverse microenvironments, they do not provide insight into
the relative heterotrophic microbial activity within these ecological
niches.

Identification of relative activity or dormancy within these

populations are important considerations in ascertaining environmental
effect and fate of a toxicant.

Figs. 3-9 and 3-10 present enzymatic

activity ranges for continuous flow and carbon metabolism control micro
cosm units, respectively.

As noted for in situ measurements, microbial

ATP levels exhibited noticeable fluctuation with salinity.

Both in

continuous flow and carbon metabolism units, highest ATP levels were at
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Figure 3-9.

Enzymatic activity profiles for salinity variations
in continuous flow control microcosms.
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Figure 3-10. Enzymatic activity profiles for salinity variations
in carbon metabolism control microcosms.
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the salinity extremes.

However, as seen from microbial diversity

profiles, these levels are probably attributable to bacterial populations
at 0°/oo, and yeast populations at 24°/00. Dehydrogenase levels
reflected these variations for both microcosm systems.

Phosphatase

levels were lower for carbon metabolism units than in continuous flow
units, particularly at the higher salinity levels.

Again this may

provide a demonstration of the more anaerobic conditions which can
develop at these higher salinity levels.
The enzyme activity profiles from laboratory tests are comparable
to in situ measurements.

Microbial ATP levels were higher in laboratory

units which may be attributable to containerization effects of micro
cosm units.

Dehydrogenase and phosphatase levels were comparable to

field levels.

However, the sensitivity of these assays are not as

great as for microbial ATP.

Nevertheless, they are consistent and

reproducible.

SUMMARY AND CONCLUSIONS

Application of microcosm approaches to the aquatic environment
requires a calibrated, reproducible simulation of the microenvironment in
question.

The information presented, using a combination of microbial

and enzymatic approaches, presents a protocol for in situ microenviron
ment analyses.

Estimates of microbial diversity, specific enzymatic

activity, and microbial ATP for both salinity and depth were presented.
The responsiveness of these test protocols under "real world" conditions
also was presented.

In addition, linkages between in situ measurements

and control microcosm units were demonstrated.

Table 3-2 lists some of

the statistical correlations generated from in situ and microcosm data.

83

Table 3-2.

Specific Data Correlations For In situ and Microcosm
Test Protocols

Field Data

Bacteria

Fungi

Yeasts

Actinomycetes

Microbial ATP

0.9241

0.8394

0.7710

0.6240

Phosphatase

0.8371

0.7810

0.7440

0.5240

Dehydrogenase

0.8633

0.8202

0.8410

0.6110

* * * * * * * * •Jt JL JL JL JL JL X

.t JL

.t JL JL J. A. JL JL JL>

* n' ‘V n" « “V Vf iV

Microcosm Data

Bacteria

Fungi

Yeasts

Actinomycetes

Microbial ATP

0.9467

0.8264

0.7840

0.6840

Phosphatase

0.8208

0.7470

0.7240

0.6030

Dehydrogenase

0.8878

0.8440

.8021

0.5840

Strong correlations were noted between bacterial and fungal population
estimates to microbial ATP.

Dehydrogenase and phosphatase levels

generated lower correlations in comparison with morphological group
estimates.

However, solid comparisons were demonstrated.

Actinomycete

populations correlations were low demonstrating the strong influence of
salinity on this microenvironment component.
The approaches and experimental data given here should allow
development of a quantitative baseline of major microbial groups and
related enzyme activities for interconnected ecosystems within an
ecologically important drainage basin.

Development of information on

enzyme/microorganism interactions is relevant to understanding
determinants of productivity in aquatic regions such as the Barataria
Basin.

Furthermore, total microbial biomass and species diversity may

serve as valid indices of biodegradable substrate turnover and productivity,
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and should provide information on microhabitat features as they are af
fected by the addition of a variety of toxic substances.

With careful

consideration given to relevant physiochemical and microbial processes
needed to simulate environmental conditions, use of the microcosm
approach can be a realistic method to generate pertinent information on
the impact of toxic substances in wetland and aquatic ecosystems.

Chapter Four:
A Test Protocol for Microcosm Parameter Identification and Assessment

ABSTRACT
The proper identification and laboratory analyses of relevant in situ
parameters for determining the environmental fate and effect of a tox
icant is an important component in development of valid predictive
models.

The evaluation of sequential and differential introduction of a

toxicant,

14
C-methyl parathion, was conducted in microcosm systems to

examine the responsiveness of several in situ parameters.

These parame-

ters included microbial diversity, specific enzyme systems, ATP,

14
CC^

respiration, and assimilation of the parent toxicant by the microbial
component.

Additional tests with a known recalcitrant compound,

14
C-Kepone®, were also conducted.

Pre-exposure and adaptation responses

were shown to be important considerations in estimating environmental
fate and effect with benchtop microcosm systems.
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INTRODUCTION

In his discussion on microcosm system design, Gillett (1980) proposed
that the close coupling of field and laboratory microcosm information
would facilitate development of valid predictive models to ascertain the
environmental fate and effect of a toxicant.

In earlier chapters, an

important array of in situ/laboratory "linkages" were examined for
possible implementation into an overall microcosm protocol.

These

particular assays or tests included microbial diversity, specific enzyme
systems, i.e. phosphatase and dehydrogenase, ATP,
14
C assimilation of the parent compound.

14
CO^ expiration, and

Also presented were the specific

correlations noted between laboratory and field data.
In this present chapter, a series of tests are presented whereby the
responsiveness or "elasticity" of these parameters are challenged and
examined in specific microcosm tests.

The premise of these test protocols

is to attempt to discern changes in environmental fate and effect of a
toxicant attributable to biotic and abiotic factors analogous to real
world conditions, from containerization effects and other microcosm
design artifacts.

One series of tests consisted of introduction of a

toxicant, the organophosphate

14
C-methyl parathion, into continuous flow

and carbon metabolism microcosms at different flow rates and concentra
tions.

An analogous test included the sequential delivery of the toxicant

into the microcosm systems at a constant flow rate or concentration.
Finally, a third series of tests were conducted with a known recalcitrant
compound,

14
C-Kepone®, to test for false positive biodegradation phenomena.

Specific test protocol objectives are listed as follows:
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o

To monitor microbial and enzymatic responses to differential
and sequential xenobiotic additions

o

To develop scaling criteria for establishment of parameters for
microcosm studies

o

To elucidate microbial and enzymatic responses attributable
solely to microcosm design features and/or xenobiotic pre
exposure

o

To demonstrate the effectiveness of these microcosm protocols
in investigation of environmental fate and effect of a variety
of xenobiotics.

Scaling parameters for all microcosm tests were based on field sampling
determination of pH, temperature, and flow rate.

Information is only

presented on continuous flow microcosms because of manuscript restraints,
unless otherwise specified.

However, comparable data has been generated

for static carbon metabolism units.

MATERIALS AND METHODS

Sample Collection. Samples were taken in the Lac de Allemands environment
of the Barataria Bay drainage basin, Louisiana.
followed those outlined in the previous chapter.

Sampling procedures
The enumeration of

microorganisms, specific enzyme assays for dehydrogenase and phosphate,
and microbial ATP assays were conducted following protocols and procedures
given previously.

Microcosm Investigations.

In parameter tests using xenobiotics, sediment

from the Lac des Allemands site was placed into a series of continuous
flow-through microcosms.

Approximately 50 g (wet wt) of sediment were

introduced into each reaction chamber with appropriate amounts of filter-

sterilized (0.45 lint cellulose acetate membrane) site water to a final
volume of 1 liter.

One battery of four microcosms served as controls

while solutions of the test compound organophosphate or organochlorine,
was introduced into the second battery of microcosms following equil
ibration.

The test solution, added at a flow rate of 0.105 ml/min or

0.20 ml/min consisted of filter-sterilized site water followed sub
sequently by site water amended with organophosphate or organochlorine
for test microcosms.
(site pH).

Temperature was maintained at 29 C with pH at 7.2

Temperature and pH were effectively controlled using a Versa

Therm Model No. 2158 and Horizon Model No. 5997, respectively.

The

organophosphate used was methyl parathion (Chem Service) at a stock
solution of 5 ppm, while the organochlorine was Kepone® (Applied Science
Labs, Inc.) at a stock solution of 0.5 ppm.

These compounds were chosen

for their dissimilarities in chemical structure and recalcitrance and for
the relevancy of information that could be obtained in terms of realistic
environmental situations.
For microcosm studies of carbon metabolism with both xenobiotics,
sediment from the field site was dispensed into replicate series of four
static microcosms with 500 ml of filter-sterilized site water for each
compound.

In studies with methyl parathion, a uniformly labeled

14
C-methyl

parathion solution (Pathfinder Laboratories) was used with a nonlabeled
solution (Chem Service) to give a final solution of 5 ppm (1.0 |jCI/500 ml).
For similar studies with kepone, a *^C-Kepone® solution (Pathfinder
Laboratories) was used with a nonlabeled solution (Applied Science Labs,
Inc.) to give a final solution of 0.5 ppm (1.0 (jCI/500 ml).
A moderate airflow into each microcosm allowed for entrapment of

14
CC>2 by liquid scintillation vials containing 15 ml of complete oxidizer
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cocktail (New England Nuclear).

To determine uptake rates of labeled

compound, replicate 1-ml aliquots from 10^ sample dilutions were filtered
through 0.45 pm membrane filters.

Each filter was then rinsed with

sterile, distilled, deionized water (buffered, pH 7.2) to remove that
portion of the chemical not utilized by the microbial biomass.

Filters

were dried and placed in scintillation vials containing 15 ml of phasecombining scintillant (Amersham).
All scintillation vials were counted for 10 min on a Beckman 250
liquid scintillator.

A present error of 0.2% was used in conjunction

with the external standard ratio mode for quench correction.

Gas-Chromatography Analysis. Residual sediment samples were analyzed via
gas-chromatography techniques (Gambrell, pers. comm.) for the amount of
parent compound as affected by biotic or abiotic processes.

Identif-

\

ication were based on comparisons with known standards of each xenobiotic,
Data Analyses. Statistical methods used have included multivariant
analyses to test the validity and reproducibility of the design features
of the microcosm, together with SAS and Fortran programming approaches.
Evaluations and tests of the variables considered, including population.

RESULTS AND DISCUSSION

Microcosm Responses to Differential Xenobiotic Addition. As shown in
Fig. 4-1, the organophosphate,

14
C-ul-methyl parathion, was introduced

into continuous flow microcosms at different flow rates.

Only bacteria

and filamentous fungi populations data are shown representing the two
major morphological groups found in in situ microenvironments.

Both

populations increased significantly with methyl parathion addition as
compared to controls.

However, MP-II populations were more responsive to

Figure 4-1.

Microbial population responses to xenobiotic
flow rate variations.
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the greater pulse of toxicant over a shorter time frame.

In particular,

filamentous fungi quickly increased to high levels by day 3 and then
dropped rapidly to control levels.
bacteria.

A similar response was noted for

In sampling export reservoirs, it was found that these rapid

decline in overall microbial density could be attributed to the flushing
processes established in the microcosm units.

Additional microcosm tests

at a higher flow rate, r=0.5 ml/min, confirmed this flushing phenomena
for filamentous fungi.

Interestingly, a more moderate fungal response

for methyl parathion was noted.

Hence, toxicant residence time in

continuous flow units appears to be an important consideration in exper
imental design for environmental effect studies.

Flow rate, in expressing

toxicant residence time, is a forcing function for microbial diversity
response.
This is further exemplified in Fig. 4-2 for ATP responses to these
flow rate variations.
higher flow rate.

More precipitice changes for ATP were found at the

The slower flow rate elucidated a more sloped or

gradual ATP turnover.

Again, flushing phenomena by day 7, appeared to

significantly lower microbial ATP levels.
Phosphatase and dehydrogenase responses to xenobiotic flow rate
variations are shown in Fig. 4-3.

Dehydrogenase activity data was

analogous to ATP data, with higher enzyme levels noted initially for the
faster flow rate followed by a tapering of activity by day 7.

However,

this peak was not substantially higher than the slower microcosm flow
rate.

Decreases in dehydrogenase activity at the slower flow rate were

more gradual.

Again, microbial ATP levels provided a greater degree of

sensitivity than the spectrophotometric assay for dehydrogenase.
Phosphatase responses to xenobiotic flow rate variations did not
exhibit this toxicant dose/rate activity.

Higher levels for enzyme

Figure 4-2.

Microbial ATP responses to xenobiotic flow
rate variations.
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Figure 4-3.

Phosphatase and dehydrogenase responses to
flow rate variations.
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activity were detected at the slower flow rate.

Indeed, the highest

phosphatase activity for the higher flow rate of 0.2 ml/min occurred
after termination of toxicant input.
icantly higher than controls.

However, this response was signif

One must conjecture, therefore, that

phosphatase activity is highly sensitive to flow rate.

A more likely

explanation may be attributable to the toxicant applied.

The organo

phosphate, methly parathion, may have induced a rate-limiting step on
relative catalytic activity as a result of overloading the microcosm with
a phosphate-rich compound.

Nevetheless, appreciable levels of methyl

parathion were reduced either by biotic or physical dynamic processes.
Thus, environmental fate and effect estimates in microcosm systems will
reflect the consequences of microcosm design as well as experimental
design.

Subsequent microcosm tests with several simple chlorinated and

nitrogenous phenols at similar microcosm settings did not generate this
delayed response.
As a summary statement to the above, Fig. 4-4 presents data on
14
14
14
C-assimilation and
C residual levels of the parent compound,
C-ulmethyl parathion, in continuous flow microcosms.

Appreciable levels of

14
C are assimilated by the heterotrophic microbial population by cessation
of xenobiotic input for a flow rate of 0.20 ml/min.

Higher levels are

noted for a flow rate of 0.105 ml/min after day 7 and 10.
by detectable residual levels of

As diagnosed

14
C in both the reaction vessel and

export reservoirs, methyl parathion was more rapidly removed from the
system at the faster flow rate and, thus, minimizing the residence time
of the toxicant in the system and the extent of the absorption phenomena
which can occur with sedimentary materials.

Sedimentary materials are

widely known as an effective "sink" for many xenobiotics.

Figure 4-4.

14
14
C-assimilation and
C-residual levels of
parent compound for flow rate variations.
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With a greater residence time, the potential for accumulation of the
toxicant is possible as well as the potential of greater biotransformation
by the microbial component.

The

14
C assimilation level at day 7 and 10

are perhaps indications of this toxicant/sediment binding process.
Appreciable toxicant levels are reached by strictly physical chemical
processes followed by biotransformation of the xenobiotic by colonizing
microorganisms.

Microcosm Responses to Sequential Xenobiotic Addition. An important
consideration in examining the relative environmental fate and effect of
a toxic material as interpreted by biotransformation kinetics is pre
exposure to the biotic compound (Bartha 1967).

A series of continuous

flow microcosm tests were conducted in attempt to identify this phenomena
in terms of the in situ/microcosm protocol suggested.

Fig. 4-5 presents

data of bacteria (BAC) and filamentous fungi (FGI) diversity index
variations as a consequence of microcosm-induced adaptation to the
toxicant, methyl parathion.
During the first 23 days, duplicate microcosm batteries were subjected
to methyl parathion at a constant flow rate.

An additional 12 day

application period followed in which only one microcosm battery was
subjected to addtional xenobiotic addition.

Diversity index variations

were comparable between the two microcosm batteries for the first applica
tion period.

A second application of methyl parathion induced a higher

bacterial and fungal propagule response than that for the first applica
tion.

Bacteria and fungi populations in the control units fluctuated,

but at greatly reduced numbers, and were more indicative of a nutrientstressed condition rather than a toxicant-stressed one.

Figure 4-5.

Microbial diversity variations for induced
adaptation by sequential flow of a xenobiotic.
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Microbial ATP profiles for these composite microcosm tests are shown
in Fig. 4-6.

A highly significant increase in microbial ATP occurred

with the second application of methyl parathion.

As can be seen in

Figs. 4-7 and 4-8, dehydrogenase and phosphatase levels responded in a
similar fashion.
Detectable levels of

14
C in reaction vessels and export reservoirs

in Fig. 4-9 provide further information on both xenobiotic effect and
fate.

A continual depletion in

14

C

as noted for control microcosm

reaction vessels with corresponding increases for experimental units.
Accumulation of

14
C in control export reservoirs tappered off after

13 days, with additional accumulations in experimental export reservoirs
beginning on day 25.
In general, pre-exposed populations, i.e., populations subjected to
a second application generated higher enzymatic and related

14
C bio

transformation kinetic phenomena than did pristine populations i.e.,
populations subjected to a single application.

Hence, estimates' of

toxicant half life would be misleading if the indigenous populations had
undergone some adaptation/selection process.

Indeed, the pour plates

observed in the experimental microcosms were more homogeneous in species
composition than these of control units.

Information on specific species

identification and performance will be presented elsewhere.

Microcosm Evaluation of a Known Recalcitrant Compound.

In studies

presented previously, the organophosphate, methyl parathion, was used as
a benchmark toxicant in evaluating microcosm performance.

Organophos-

phates, as a toxicant class, generally are considered to be biodegradable
to various degrees with relatively short half lives (+^ =0.1-8 months).
Such characteristics have been demonstrated in these studies.

Figure 4-6.

Microbial ATP variations for induced adaptation
by sequential flow of a xenobiotic.
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Figure 4-7.

Dehydrogenase variations for induced adaptation by
sequential flow of a xenobiotic.
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Figure 4-8.

Phosphatase variations for induced adaptation by
sequential flow of a xenobiotic.
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Figure 4-9.

Detectable levels of

14
C in reaction vessel and

export reservoirs in sequential flow tests.
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However, for a microcosm design to be accepted as a valid diagnostic
tool, varying rates of utilization and biotransformation of two dissimilar
chemical toxicants must be discerned.

Hence, an additional system

evaluative test was conducted om soti with methyl parathion and the
organochlorine Kepone®, a known recalcitrant compound.

Since information

on microbial diversity and specific enzyme responses to Kepone® has been
completed and presented elsewhere (Portier and Meyers 1982), only carbon
metabolism microcosm data on environmental fate will be presented for
argumentative purposes.

Residual levels of

14
C-methyl parathion and

^C-Kepone® for replicate microcosm series, based on
the parent molecule, are shown in Fig. 4-10.

expiration of

After 13 days under micro

cosm conditions described previously, a significant loss of methyl
parathion was evident.

Rapid biotransformation and degradation of the

parent molecule occurred within the first week of application.

This

initial degradation period correlated with increasing CFU, phosphatase,
dehydrogenase, and ATP levels, as mentioned earlier.
maximal

Figure 4-11 shows

14

C-assimilation of both parent molecules, or their major metabo

lites, within the CFU, occurring by day 7 for methyl parathion.
decrease is noted in
decreases for

A sharp

14
C-assimilation by day 13, along with similar

14
CO^ levels.

Extremely low levels of

14

CO^ were

detected for Kepone® during the

30 day incubation time period (Fig. 4-10).

Over 98% of the original

kepone, or possibly major metabolites, remained after this period.
However,

14
C-assimilation of Kepone® gradually increased, raising the

possibility of its being actively assimilated by the microbial component,
however, with minimal utilization.

Figure 4-10. Residual levels of ^C-methyl parathion and *^CKepone®, based on 14CC>2 , expiration, carbon
metabolism microcosms.
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The composite data indicates it is possible to use the microcosm
protocol outlined to monitor effect and fate of short-lived toxicants.
It is equally important in ascertaining the application of a microcosm
approach to establish whether recalcitrant compounds, such as Kepone®,
will behave similarly in the laboratory microenvironment.

A rapid degrada

tion rate for such a recalcitrant would indicate a containerization effect
attributable to either incorrect parameter assessment or to microcosm design
itself.
minimal

As these studies have shown, Kepone® was very recalcitrant with
expiration.

SUMMARY AND CONCLUSIONS

A series of microcosm tests were conducted to examine the validity
of the microbial, enzymatic, and radiotracer protocols proposed in
earlier studies for in situ/laboratory investigations of environmental
fate and effect of select toxicant classes.

Specific conclusions from

these tests can be briefly summarized.
Sequential introduction of

14
C-ul-methyl parathion into continuous

flow and static microcosms resulted in increases in microbial populations
coinciding with ATP increases, specific enzyme levels and transport, and
biotransformation of the parent compound.

24

CC^ expiration and

14

C-

assimilation of the parent compound proceeded more rapidly in microcosms
pre-exposed to the xenobiotic.

Significant enzyme responses, i.e., phos-

phatase and dehydrogenase, ATP, microbial diversity, and
occurred under different flow rates.

14
C assimilation

The responsiveness of the microbial

community to a variety of test compounds was established indicating the
effectiveness of the microcosm in monitoring and detection of biotic and
abiotic responses.

Microcosm design features and preexposure to a
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a xencbiotic are significant considerations in fate/effect studies for
accurate interpretative and extrapolation of laboratory data to field
impact situations.
Th.e information reported here and elsewhere, using a combination of
microbial and enzymatic approaches, suggests the validity of the benchtop
microcosm as a valuable analytical tool.

As seen, rates of utilization

and breakdown product generation can be effectively monitored.

The

concept of the microcosm is relatively simple in that it provides a
straightforward, reproducible, and accurate means of simulating an
ecosystem to generate analytical data on stress and impact of biotic and
abiotic factors.

It should relate to the "real world" and be as devoid

of design and response artifacts as possible.

Microcosms should be a

practical monitoring and assay tool in every sense of the word.

Chapter Five:
Hazard Assessment of Toxic Chemicals in Sediments and Aquatic Food
Systems: A Test Case Using Selected Phenols

ABSTRACT
Microbial studies, together with physiochemical analyses of selected
industrial source phenols of environmental significance, were conducted
in continuous flow and carbon metabolism microcosms to determine the
behavior of select phenolics, a priority pollutants class in soils and
sediment-water systems typical of coastal wetlands.
4-nitrophenol, 2-chlorophenol, and phenol.

Phenols used included

The organophosphate, 1^C-UL-

methyl parathion, was used as a benchmark toxicant control while
phenol was employed for all phenolic compound additions.

14
C-Ring-

Microbial

\

diversity, ATP, and specific enzyme systems, i.e., phosphatase, dehydrogenase, were continuously monitored along with
assimilation by the cellular component.

14
CO^

expiration and

14
C

Residual analysis of all micro

cosm tests employed procedures using combined gas chromatography/high
performance liquid chromatography.

Statistical analyses were conducted

of variations of testing criteria, along with a ranking profile of
relative biotransformation and biodegradation potential.

Data presented

confirm the validity of microcosm approaches and related correlation
analysis in toxic substance fate investigations.
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INTRODUCTION
In the vast industrial corridor along the lower Mississippi River, a
complex of diverse industrial activities compete with major metropolitan
areas for available water resources.

Accidental spills and discharges

have caused serious concerns relative to xenobiotic contamination of
drinking water and resultant public health problems.

More and more, it

is evident that development of usable predictive approaches, or protocols,
are needed to properly address environmental chemical effect and fate in
such an ecologically and economically significant region.

Approaches

have been developed in our laboratory (Portier and Meyers 1981, 1982)
combining field and laboratory investigations, with the latter designed
to simulate the "target" ecosystem while introducing and maintaining
extant biological, chemical, and physicochemical properties of that en
vironment.

Relevant to this is phenol and its many derivatives which have

caused major concern in coastal Louisiana communities due to their re
liance on the Mississippi River as a primary source of potable water.
Phenolics are designated as priority pollutants (Keith and Telliard 1979),
and exhibit a high relative frequency of occurrence of various toxic
substances, including phenols, in Gulf of Mexico waters, observed that
the Mississippi River contributed extensively to such organic pollutant
levels in the adjacent Gulf.

Further, the U.S. Geological Survey had

determined the mean concentration of phenol in the lower Mississippi River
to be 1.5 ug 1 L (Babich and Davis 1981).

Phenols are known to adversely

affect the aquatic biota and are listed among the 129 specific priority
chemicals in the 1977 Amendments to the Clean Air Act (EPA 1979).
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Microbiological studies and physiocochemical analysis of selected
industrial source phenols of environmental significance, were conducted
in continuous flow and carbon metabolism microcosms described by Portier
(1979) to determine the behavior of these chemicals in soil and sedimentwater systems typical of coastal wetlands.

In addition, this present

study provides further test information on microcosm development and
implementation for formation of predictive models of biotransformation
and biodegradation of a variety of xenobiotics (to be discussed in later
chapters).

In the combined field and microcosm approaches, a variety of

determinants, including microbial diversity, enzymatic activities, and
radiotracer approaches, have been employed.

This and other composite

information currently will be used in design of analytical and statistical
mathematical models for xenobiotic fate prediction in the diverse wetland
habitats of South Louisiana.

MATERIALS AND METHODS

Sample Collection. Samples were taken in the Barataria Bay and Timbalier
Bay drainage basins of South Louisiana.

These comprise distinctive,

connected vegetative zones and areas of contrasting salinity, all affected
by a Gulfward movement of water from the Mississippi River.

Freshwater

regions, located adjacent to major industrial/petrochemical complexes
along the river, are most directly affected in the event of accidental
spills or maritime collisions.
Coring devices, consisting of aluminum cylinders, 60 cm in height x
7.6 cm diameter, were inserted into the sediment to the water level,
capped, and sealed.

These were stored on ice in insulated chests for

transportation to the laboratory for subsequent microbial/enzymatic
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analysis.

All samples were processed within 12 h, with substrate from

particular sites being used to inoculate individual microcosms and to
categorize the major microbial groups present.

Microbial Diversity. Four general groups, i.e., bacteria, actinomycetes,
filamentous fungi, and yeasts, were enumerated based on colony forming
units (CFU) as described previously (Portier and Meyers 1981).

Enumera

tion of chitinoclasts utilized the precipitated chitin and mineral salts
medium of Hsu and Lockwood (1967) based on earlier procedures (Hood and
Meyers 1977).
days.

All plates were incubated at 30 C and examined after three

Colonies were enumerated under the dissection microscope to

morphologically distinguish the four microbial groups.

Enzyme Assays. Phosphatase activity was determined using the procedure
of Tabatabai and Bremner (1969) as modified by Atlas et al. (1977) and
outlined in further detail with regard to microcosm investigations by
Portier and Meyers (1981).

Phosphatase detection was based on the

spectrophotometric assay (Pye-Unicom 1700) of the centrifuged yellow
solution at 410 nm for units of p-nitrophenol (PNP) produced.
Dehydrogenase determination was ascertained according to Cassida
(1977) and further modified in our microcosm investigations.

This is

based on the formation of 2, 3, 5-triphenyltetrazolium formazin (TPF)
from 2, 3, 5-triphenyltetrazolium chloride (TTC) as assayed spectrophotometrically at 485 nm for freshwater samples only.

The compound, p-iodo-

nitrotetrazolium violet (Sigma), designated INT, was submitted for TTC in
brackish and saline water/sediment samples.

Adenosine Triphosphate Assay. An adenosine triphosphate (ATP) assay
advanced by Holm-Hansen, et al. (1966), and further presented by Karl
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(1980) and Stevenson et al. (1979), was used for determination of micro
bial biomass.

In our earlier preliminary investigations, a variety of

commercial releasing reagents, designed for specific release and quantif
ication of microbial and somatic ATP, were used.

These reagents allow

selective permeable release of nucleotides, without cell lysis which are
then released without modification by the cell enzymes.

Futhermore, as

noted by Steveson et al. (1979), ATP measurement can be achieved with
minimal interference.

Use of selective applications of thse somatic and

microbial reagents provides good differential and reproductive quantif
ication of ATP.

Microcosm Design. A regulated continuous flow microcosm, or reactive
chamber, (Portier and Meyers 1981) has been developed and evaluated in
our laboratory to discern substrate rate effects and stress indices based
on microbial and enzymatic response and compound turnover.

Detailed

evaluations have included time/activity analysis and data validity
determinations with statistically valid replication.
cosm is designed for

14

The static micro-

CO^ studies and "tagged11 substrate turnover and

allows analysis of the effects of xenobiotic compound addition on respiration rate and biomass accumulation of labelled

14

C-compounds.

Details

of the microcosm have been enumerated elsewhere (Portier and Meyers
1982).

Microcosm Investigations. For microcosm studies, sediment from field
sites was placed into a series of continuous flow microcosms.

Approx

imately 50 g (wet weight) of sediment was introduced into each reaction
chamber with appropriate amounts of filter-sterilized (0.22 p cellulose
acetate membrane) site water to a final volume of 1.5 L.

One battery of
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four microcosms served as controls while solutions of the test compounds,
1.e., organophosphate or phenol, was added to the second battery following
equilibration.

Table 5-1 lists the microcosm series used with respective

controlling parameters.for each group.
For carbon metabolism studies of the xenobiotics, sediment from
field sites was dispensed into replicate series of six static microcosms
with 2 L of filter-sterilized site water for each compound.

Respective

controlling parameters for each series are given in Table 5-1.

Tests with

2, 4, 6 trichlorophenol are not listed in Table 5-1 but are discussed in
the body of this paper.
Both uniformly labelled

14
14
C-methyl parathion and
C-phenol (Path

finder Laboratories) was used with non-labelled solutions of respective
phenols (Chem Service) as shown in Table 5-1.
A moderate airflow into each microcosm allowed for entrapment of
14

CC>2 by liquid scintillation vials containing 15 ml of complete oxidizer

cocktail (New England Nuclear).

To determine uptake rates of labelled

compounds, replicate one milliliter aliquots from 10^ sample dilutions
were filtered through 0.45p filters.

Each filter was then rinsed with

sterile distilled deionized water (buffered to respective microcosm pH)
to remove that portion of the chemical not utilized by the microbial
biomass.

Filters were dried and placed in scintillation vials containing

15 ml of phase-combining scintillant (Amersham). All scintillation vials
were counted for 10 min on a Beckman 250 liquid scintillator.

A present

error of 0.2% was used in conjunction with the external standard ratio
mode for quench correction.

High Performance Liquid Chromatography Analysis. Water and residual
microcosm sediment samples were analyzed via HPLC techniques for the

Table 5-1.

Microcosm Series of Flow Through and Static Systems.

Microcosm
Series No.

pH/Eh
mv

Flow No. 1

Salinity
%o

Parameters
Flow Rate
ml/min

Time
days

Temp
°C

Toxicants
(Controls included)

No. of
Units

7.5

+200

22%

0.42

22

28

Methyl parathion
(14C-UL-1.5ppm)
Total - 18.1ppm
added

6

7.6

+180

24

0.42

26

28

Phenol
(14C-UI-10ppb)
phenol + 2 chlorophenol (lOppb)
Total - 1.2ppm
added

6

3

7.2

+210

0

0.42

24

28

Methyl parathion
(14C-UL-5.Oppm)
Total - 25ppm added

6

4

7.1

205

0

0.42

26

28

Phenol
(14C-UL-5.Oppm)
Total - 26.4 ppm
added

6

Static No. 1

7.5

+208

22%

—

22

28

Methyl parathion
(14C-UL-1.5ppm)

6

2

7.6

+180

22

26

28

Phenol
(14C-UL-20ppb)
phenol + 4
nitrophenol 20ppb

6

2

-

►—
K>
Ln

Table 5*1.

cont'd.

Microcosm
Series No.

pH/Eh
mv

Salinity

%o

Parameters
Flow Rate
ml/min

Time
days

Temp
°C

Toxicants
(Controls included)

No. of
Units

3

7.2

+210

0

—

24

28

Methyl parathion
(l4C-UL-5.Oppm)

6

4

7.1

+205

0

—

26

28

Phenol
(14C-UL-phenol)

6

to
CTn
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remaining amount of parent compound as affected by biotic and abiotic
processes.

A Waters Model 280 liquid chromatograph equipped with a

Model 6100A pump and Model 480 UV variable wavelength detector was used.
A radial compression separation systems with a C18 radial-pak cartridge
was employed for all chromatography analysis.

Water samples were assayed

directly following filtration through 0.22 pm Nucelopore® membrane
filters, while sediments samples were prepared by means of soxlet extrac
tion as outlined by Bellar et al. (1980).

A 60% methanol to water

solution was used with identification at 225 nm based on comparisons to
known concentration of standards for each xenobiotic.

Data Analyses. Statistical methods used included multivarient analyses
to test the validity and reproducibility of the design features of the
microcosm, together with SAS and Fortran programming approaches.

Evalua

tions and tests of the variables considered, including population composi
tion, enzyme response, and tagged compound turnover, all are based on
repeated runs of replicate sets.

RESULTS AND DISCUSSION

Microbial Diversity Variations to Xenobiotic Addition. Variations in
microbial diversity to addition of methyl parathion (5ppm), and phenol
(5ppm) in freshwater static microcosms and to addition of methyl para
thion (1.5ppm) and 4-nitrophenol (20ppb) in saline (220/0O) static
microcosms are shown in Figs. 5-la and 5-lb.

Data are given for bacteria,

filamentous fungi, actinomycetes, and yeasts with respective dilutions
shown and expressed as log colony forming units (CFU) per m£ for the
compounds mentioned.

In addition, variations in total chitinoclasts, as

noted in Fig. 5-lb, also are presented for both microcosm series.

Figure 5- La. Microbial diversity variations to xenobiotic
addition, static microcosms.
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Figure 5- Lb. Microbial diversity variations to xenobiotic
addition, static microcosms.

131
STATIC M ICROCOSM S T U DIES
SALINE________ ^
EXPERIMENTAL

FRESHW ATER
^ Y E A S T EXPERIMENTAL

YEAST

(10*)

CONTROL

"

^

"

• ----------

1

- - ^

£8lTlkOCUL5T5
(10*)

fexPEHlMENTAL

m

------------1 --------- *

■ ---------- ■ -----------■

- ^

T

s s g

C H ITlN O C LA S'tS

(10*)

COLONY

FORMIING

-a

CO NTROL

UNITS

(C FU )/m l

^ —

CONTROL

LOG

CO NTROL

4

' ' ' ^

1

"

3

*

7

*

10

^

18

IB

1

3

TIME (D A Y S)

7

10

IS

18

TIME (DAYS)

O

M ETH Y L PA RA TH IO N

O

METHYL PARATHION

A

4 N ITRO PH EN O L

□

PH EN O L

I

132

Statistical analysis revealed significant variations in bacterial,
fungal, and actinoroycete populations with addition of our benchmark
toxicant, methyl parathion, to freshwater microcosms.

Yeast populations

were comparable between control and experimental microcosms, with the
latter being somewhat lower.

In saline microcosms, similar significant

responses were noted only for bacteria and actinomycete populations, with
fungal CFU variations not being significant.

In contrast to freshwater

studies, yeast populations in saline microcosms were somewhat higher than
controls.

Significant increases in bacteria and fungi were not evident

under comparable microcosm parameters for phenol addition in freshwater
microcosms, with a delayed increase in microbial levels noted only after
day 10.

Actinomycete and yeast populations did not respond significantly

to phenol addition.

This was in contrast to significant increases in

bacteria with addition of 4-nitrophenol (20ppb) within 3 days for saline
microcosms.
after day 7.

Actinomycete and yeast populations were significantly higher
Fungal populations showed no appreciable response, although

subsequent microcosm tests with 4-nitrophenol at a higher concentration
of 1.5ppm, reported elsewhere, revealed significant increases in total
colony forming units.

Bacterial populations also were much higher at

these concentrations.

In summary, phenol appeared to be somewhat innocuous

to microbial biomass in freshwater units, and moderately stimulatory in
saline units if the compound is a nitrogenous derivative.

Earlier

studies with methyl parathion and 4-nitrophenol in freshwater showed
quite similar population increases for bacteria, fungi, and actino
mycete s.
In testing these preliminary conclusions, continuous flow microcosm
tests, using phenol and several chlorinated derivatives, were undertaken
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to determine behavior of different phenolic compounds under continuous
application.

Both phenol and methyl parathion, as well as 2-chlorophenol,

were introduced at concentrations approximating those of the natural
environment, (Table 5-1).

Microbial diversity response and variation in

total chitinoclasts to continuous application of these compounds is shown
in Figs. 5-2a and 5-2b.
In brief, continuous application of the benchmark toxicant, methyl
parathion, demonstrated the validity of earlier observations in static
microcosms.

Of particular note are the significant variations in bac

terial populations in both freshwater (5ppm) and saline (1.5ppm) micro
cosms.

However, fungal population variations contrasted noticeably with

high fungal increases for freshwater microcosms and highly significant
decreased in saline units.
lower in latter systems.

Yeast populations also were significantly
Phenol, 5ppm, in freshwater continuous flow

microcosms showed noteworthy increases in bacteria and actinomycetes
betweeen days 3 and 7.

Significant decreases in fungi occurred by day 3,

similar results were noted for yeast populations.

Phenol, at only lOppb

levels in saline continuous flow microcosms, surpressed bacterial growth
for the initial 7 days, followed by significant increases thereafter.
Fungal populations were significantly reduced while yeast populations
remained unaffected.

Concentrations of actinomycetes, closely paralleled

those of bacteria, but not significantly.

In all instances, except for

actinomycetes, 2-chlorophenol (lOppb) reduced microbial concentrations
further.

In follow-up continuous flow tests with 2, A, 6 trichlorophenol

(lOppb), highly significant reductions in fungal propagules were noted
with the toxicant being highly selective.

In continuous flow studies

Figure 5-2a. Microbial diversity variations to xenobiotic
addition, continuous flow microcosms.
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with p-nitrophenol, fungal populations were higher than those in compa
rable methyl parathion tests, although not significantly.

Actinomycete

concentrations, for both phenol, 2-chlorophenol and 2, 4, 6 trichlorophenol, were unaffected by continuous application and, indeed, steadily
increased in total CFU.

Variations in Total Chitinoclasts. Figs. 5-lb and 5-2b present data on
total chitinoclastic biomass variations for static and continuous flow
microcosms under both freshwater and saline conditions.

These variations

reflect the influence of xenobiotics on key substrate biotransformation
processes in wetland microenvironments (Portier 1979).

Total chitino

clasts were significantly higher in static freshwater microcosms by day 3
with methyl parathion addition.

This increase was even more pronounced

with continuous application of methyl parathion, with a peak in total
chitinoclasts by day 7 when xenobiotic concentration in the microcosm
exceeded the 5.0ppm level of the static units.

Total chitinoclasts also

increased significantly in static saline microcosms with 1.5ppm methyl
parathion application.

However, these increases occurred on day 7 rather

than day 3, indicating a possible incubation period prior to biotrans
formation and degradation of the compound.

In contrast, continuous flow

microcosm studies showed an increase by day 3 with continuous applica
tion, at which time the xenobiotic concentration exceeded the static
concentration of 1.5ppm.

Thus, methyl parathion addition in both static

and continuous flow microcosms initiated positive chitinoclastic responses
after exceeding a threshold xenobiotic concentration.

Following a short

incubation period, comparable phenomena occurred in saline microenviron
ments as delineated in the microcosm units.
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In both static and continuous flow microcosm tests with phenols in
freshwater, total chitinoclasts increased only after an appreciable
incubation period.

After day 7, chitinoclast levels increased somewhat

above controls but were not significantly higher as occurred with methyl
parathion.

HPLC and radiotracer studies, discussed subsequently, indicated

that these chitinoclastic fluctuations occurred only after appreciable
phenol biotransformation
Phenol addition, in

and degradation.
the form of 4-nitrophenol, in static saline

microcosms, did not show

a significant effect on total chitinoclasts in

experimental microcosms,

exceeding controls only after day 7.

Again,

these peaks occurred only after appreciable loss of the xenobiotic.
Saline continuous flow microcosm tests with phenol (lOppb) and 2-chlorophenol (lOppb) produced highly significant decreases in total chitinoclasts
with continuous xenobiotic addition.

Both 2-chlorophenol and phenol

significantly reduced the number of total chitinoclasts at comparable
rates.

However, upon termination of the xenobiotic addition, chitino

clastic populations did not return to control levels.

Subsequent tests

with 2, 4, 6 trichlorophenol (lOppb) did not result in chitinoclastic
activity after 3 days of xenobiotic addition.

However, continuous

application of 4-nitrophenol (1.5ppra) gave responses similar to methyl
parathion in saline microcosm tests.

ATP Responses. Estimates of viable biomass, as determined by adenosine
triphosphate (ATP) concentrations, for control and experimental static
and continuous flow microcosms are shown in Figs. 5-3 and 5-4, re
spectively.

Microbial ATP levels further confirmed the responses of the

selected xenobiotics to the indigenous microbial community discussed
earlier.

In particular, notable ATP increases for methyl parathion

Figure 5-3.

Enzyme and microbial ATP responses to xenobiotic
addition, static microcosms.
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Enzyme and microbial ATP responses to xenobiotic
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143

FLOW-THROUGH MICROCOSMS
SALINE

FRESHWATER
PHOSPHATASE
CPNP)

LOG SCALE mg/ml

PHOSPHATASE
IPNP)

LOG SCALE mg/g dry wt.

EXPERMENTAL

DEHYDROGENASE EXPERMENTAL
(H T)

d

J-

- \ o — -a

frrn

■D-

CONTROL

EXPERMENTAL

LOG SCALE ug/ml X 10"1

-D -

DEHYDROGENASE

MCROBLAL ATP EXPERMENTAL

MtCROOAL ATP

-Cr
‘A-

05

CONTROL

TWE OF APPUCATION (DAYS)

TWE OF APPLICATION (DAYS)
O

METHYL PARATHON

A 2CH.0R0ne«X
□

PtENOL

*

SKU4FICANCE

O

METHYL PARATrtON

□

PHENOL

144

applications were evident at day 3 for freshwater and at day 7 for saline
continuous flow microcosms.
cosms.

ATP responses in static flow through micro

ATP responses in static saline microcosm studies reflected the

inhibition of microbial and chitinoclastic activity by phenolics until
day 10.

In particular, 4-nitrophenol in saline studies limited microbial

ATP until day 7, followed by a significant ATP increase.

Similar delayed

ATP responses were noted for phenol in saline continuous flow microcosms.
In addition, microbial ATP variations discerned significant variations
among phenol groups, with ATP levels for 2-chlorophenol significantly
lower than phenol in saline continuous flow microcosms.

Subsequent tests

with 2, 4, 6 trichlorophenol were comparable to those of 2-chlorophenol.

Enzyme Responses.

In addition to data on microbial ATP responses,

Figs. 3 and 4 illustrate phosphatase and dehydrogenase responses to
xenobiotic addition.

Phosphatase variations initially were lower in

freshwater tests followed by increases after day 7 for phenol.

Higher

phosphatase levels were noted for 4-nitrophenol at day 3 in static saline
microcosms and on day 7 for phenol in continuous flow saline units.
Phosphatase variations to methyl parathion addition were comparable to,
although not as pronounced as, microbial ATP fluctuations.
Dehydrogenase variations to methyl parathion were similar to micro
bial ATP variations.

Of particular interest, the variations were most

noticeable in saline microcosms using p-iodonitrotetrazolium violet
(INT). Dehydrogenase levels which increased after day 7 for 4-nitro
phenol, they were lower than controls for 2-chlorophenol but not for
phenol in saline tests.

Dehydrogenase levels in freshwater phenol tests

again exhibited a delayed increase after day 7.
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Radiotracer Analysis. Residual levels of

14
C-methyl parathion and

^C-phenol from replicate microcosm series, based on
parent molecule, are shown in Fig. 5-5.

expiration of

A significant portion of methyl

parathion was biotransformed in 10 days in freshwater static microcosms
where a comparable degradation rate did not occur until day 18 in saline
systems.
ments.

A three day incubation was evident for saline microenviron
Phenol disappeared twice as rapidly in freshwater systems than in

saline, with a lag period prior to biotransformation in the latter.
Furthermore, phenol had a faster rate of disappearance in both saline and
freshwater systems compared with methyl parathion.
Also shown in Fig. 5-5 are

14

C assimilation rates, based on colony-

forming units of each molecule in both saline and freshwater static
microcosms.

Uptake rates were quite rapid for methyl parathion after an

initial slow uptake rate.

Phenol assimilation rates steadily progressed

in freshwater systems, whereas, they were somewhat slower in saline
microcosms.

14
C assimilation of methyl parathion correlated well with

bacterial, actinomycete, and fungal population increases in freshwater
microcosms.
2
(r = 0.924).

Fungal populations had the highest correlation coefficients
Similar correlations were noted with bacterial and actino

mycete populations in saline waters.
were responsible for

14

Yeast and bacterial populations

C assimilation of phenol in saline microcosms with

bacterial and actinomycete populations accounting for uptake in freshwater.
In the presence of 4-nitrophenol, fungal populations correlated nearly as
well.

Residue Analysis. The environmental fate of phenol, determined by HPLC
analysis, in freshwater microcosms is shown in Fig. 5-6.

Phenol disap

peared quite rapidly from the water phase in static microcosms.

Only

Figure 5-5.

Radiotracer analyses of xenobiotic addition,
static microcosm.
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11.6 ug total phenols were detected in static microcosm sediments by
day 23.

Significant losses attributed to volatization in sterile input

microcosm reserviors were noted after day 15 in continuous flow micro
cosms.

Minimal levels of phenol were evident in export reservoirs on

days 15 and 23.

Phenol levels in the water phase of continuous flow

microcosms increased slightly on day 7, but only in small amounts com
pared to the sediment phase.

Continuous flow microcosm sediments had

only 21.4 ug total phenol by day 23.

Further interpretation of the above

data, both residual and radiotracer information, will be presented
elsewhere with additional xenobiotics in terms of pseudo-first-order and
second order biodegradation kinetics in in situ and microcosm tests.

SUMMARY AND CONCLUSIONS

As noted by Babich and Davis (1981), phenol is a common component of
aqueous effluents, primarily from petroleum refineries.

In numerous

axenic culture studies, several bacteria, actinomycete, and yeast strains
have been shown to utilize phenol as a sole carbon source (Babich and
Davis 1981).

In riverine systems, the main mechanism of self purifica

tion is microbial catabolism of phenol.
In the microcosm investigations reported here, attempts have been
made to answer several questions with regard to specific phenolic com
pounds, xenobiotics in general, as well as microcosm performance under
varying parameters.

The relative biotransformation and biodegradation of

phenol and related compounds is dependent upon ecological factors such as
salinity, temperature, pH, and water-sediment ratio.

As noted by Portier

and Meyers (1982), in microcosm studies with methyl parathion, pre
exposure of the xenobiotic to the indigenous microbiota is a significant
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factor.

In addition, the present investigation points to the chemical

structure of the phenolic compound itself as a key factor in compound
disappearance and in its affect on important food web substrate turnover
rates, i.e., chitin degradation, in wetland systems.

Chlorinated phenols,

although subsequently degraded in saline microenvironments, appear to
significantly inhibit chitin turnover.

However, compounds such as

4-nitrophenol do not, and may indeed contribute to the available C = N
pool following a short incubation period.

In examining the degradation

of chlorinated phenols by phenol-utilizing soil bacteria, Haider et al.
(1981) noted that degradation of chlorinated derivatives occurred only
after substantial incubation periods.
radioactivity was released as

Only 7.5% and 1.6% of added

14
CO^ for 2-chlorophenol and trichloro-

phenol, respectively, after 3 days, compared to 45.5% for phenol under
aerobic conditions.
In a comparison of phenolics with other xenobiotics from aspects of
compound disappearance and environmental fate, the less complex phenols
appear to have shorter half lives in both saline and freshwater habitats
compared with the organophosphate methyl parathion.

However, this may

not be true for some di and trichlorophenols or pentachlorclohexenes.

In

earlier studies (Portier and Meyers 1981), the organochlorine Kepone®
proved to be extremely recalcitrant in microcosm tests compared with
methyl parathion.

In addition, it appears that enumeration of fila

mentous fungi propagules may serve as an additional index of xenobiotic
impact for freshwater and saline microenvironments.

Both organophosphate

and phenols have pronounced opposite effects on fungi relative to salinity.
Further examination of this phenomena is underway.
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Data reported here and elsewhere, using a combination of microbial,
enzymatic, and radiotracer approaches, suggests the validity of benchtop
microcosms as accurate analytical approaches in discerning environmental
fate of selected xenobiotics and serve as inexpensive monitoring systems
for screening environmental effect of effluents from industrial operations.
Careful analysis of toxicant-induced adaptation responses and microbial
species replacement is important in ascertaining the likelihood of
continual estuarine productivity and integrity.

Additional studies,

using other major toxicant classes, such as phthalate esters, are war
ranted to further refine microcosm approaches and ancillary microbial and
enzymatic techniques required.
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Chapter Six:
Environmental Fate Predictions of Xenobiotics in Aquatic
Microenvironments Using Microcosm Biotransformation Kinetics

ABSTRACT
Predictions of environmental fate of a potential toxicant via laboratory
analysis must be extrapolated to the natural aquatic microenvironment.
The kinetics of biotransformation and biodegradation of several toxicant
classes were examined in continuous flow and carbon metabolism
microcosms. Estimates for each toxicant class were determined under
freshwater and saline microenvironmental parameters.

The influence of

key environmental polymers, cellulose and chitin, were examined in terms
of overall microbial biotransformation.

Mathematical model estimates

were compared to microcosm gas and liquid chromatography residue data and
in situ results.
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INTRODUCTION

As noted by Subba-Rao et al. (1982), the microbial breakdown or biotransformation of a potential toxicant in the natural environment is de
pendent upon the relative concentration of the compound and its availability
to the indigenous microbial community.

Monitoring this bioavailability in

diverse aquatic microenvironments can be accomplished using a microcosm
approach (Portier 1979).

However, quantitative estimates for environmental

fate can be achieved only by extrapolating these laboratory estimates to
the aquatic environment and determining their accuracy (Larson 1980).
Microcosm designs, which have provided correlative information on
environmental effect, were examined in terms of delivering xenobiotic fate
predictions for use in both the public and private sector.

Information,

presented in this chapter, drawing from experimental tests described in
earlier sections and those outlined below, provides additional microcosm
generated data for evaluation of analytical approaches needed to formulate
predictive models for impact assessment.

MATERIALS AND METHODS

Toxicant Classes. Three major toxicant classes were analyzed in microcosm
units for environmental fate prediction.

The organophosphates, methyl

parathion and azinphosmethyl (Chem Services), were used in concentrations
of 5 ug/1.

14
C-ul-methyl parathion (Pathfinder Laboratories) was used for

radiotracer analysis.

The organochlorine, Kepone® (Chem Services) was

examined at a concentration of 0.5 ug/1 combined with
(Pathfinder Laboratories).

14
C-ul-Kepone®

Phenols included phenol, 2-chlorophenol and

4-nitrophenol (Chem Services) with *^C-ul-phenol (Pathfinder Laboratories)
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at concentrations of 5 ug/1.

Reduced levels of non-labeled 2-chlorophenol

and phenol at 20 ppb levels were used in substrate degradation studies
14
using the chitin breakdown product, N-acetyl-D-glucosamine ( C glucosamine,
40 ug/1).

Sample Collection. Soil, water, and sediment collections were made in
the Barataria Bay and Terrebonne-Timbalier Bay drainage basins, as
outlined in Chapter 3.

Microbiological and Enzymatic Assays. The analyses for microbial
diversity, dehydrogenase, phosphatase, ATP, and 1^C02 expiration and
assimilation as presented in Chapter 4 and 5 were used in all microcosm
tests.

An additional enzyme assay for heterotrophic activity, fluorescin

diacetate hydrolysis (FDA), as outlined by Schnurer et al. (1982), was
used in water phase microcosm tests.

FDA (Sigma Chemical) was dissolved

in acetone (HPLC grade, Baker Chemical) and stored as a stock solution of
2 mg/ml at -20°C.

The amount ofFDA hydrolyzed was measured for ab-

sorbence at 490 nm (A^q q ) with a Pye-Unican Model 1700 spectrophotometer.
For all FDA hydrolytic determinations, a 2 ml aliquot from each microcosm
unit was added with 100 ul FDA (final, concentration, 10 ug/ml) to 1 ml of
60mM sodium phosphate buffer, pH7.4 and incubated at 28°C on
shaker for 2 hr.

a rotary

The hydrolysis of FDA was terminated by the

addition of

0.1 ml toluene and assayed at A ^ ^ following centrifugation and filtering
cellulose filter, Whatman No. 4.

Microcosm Tests. Four separate microcosm experimental designs were
conducted in generating data for environmental fate prediction.

The

first series of microcosm tests were designated water/sediment phase
tests (W:S) in which toxicants were introduced into continuous flow and

158
carbon metabolism microcosms having sediment/water interfaces analogous
to the natural environment.

Considerable data from these tests were

presented in Chapters 4 and 5.
A second series of microcosm tests, designated water phase (W)
tests, were conducted in both microcosm design units.

Toxicants were

introduced into reaction vessels containing only site water.

Operating

parameters were the same as those for water/sediment tests.
The third series of microcosm tests consisted of both water phase
and water/sediment phase microcosm tests with substrate-amended sediments.
Freshwater sedimentary materials were amended with 0.5 g of chitin material
from the freshwater crayfish, Procambarus clarkii, or 0.5 g o f cellulose
(Whatman, Inc.), respectively.

Saline sedimentary materials were amended

with 0.5 g of cellulosic derivatives of the salt marsh grass, Spartina
alterniflora. A commercially available chitin (Sigma Chemical) from blue
crab waste was used for saline studies.

Replicate microcosm units were

established for each substrate along with non-amended sediment controls.
Temperature, pH, and flow rate parameters and controls for the first
three microcosm series were those outlined in Chapter 5.
A fourth microcosm series employed the use of a radiolabelled polymer,
^C-N-acetyl-D-glucosamine (NAG), with non-radiolabelled toxicants.

NAG is

the breakdown polymer of the important aminopolysaccharide, chitin.

A

40 ug/1 final solution of NAG was introduced into static microcosm units
to discern influences of toxic materials on food web energetics.
of polymer turnover were calculated from
methods outlined in Chapter 4 and 5.

14

Estimates

CC^ expiration rates using
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Residue Analysis. Residual levels of azinophosmetbly, methyl parathion,
and Kepone® using gas chromatography were determined by methods developed
by Gambrell et al. (1982).

Phenol levels were determined by methods

outlined by Bellar et al. (1980).

Identification of all xenobiotics were

based on comparisons to known concentrations of standards.

Data Analyses.

Statistical analysis used included multivariant analyses

for microcosm correlation analysis together with SAS and CSMP programming
approaches.

Evaluations and tests of the variables considered, including

microbial diversity, enzyme response, and tagged compound turnover, all
are based on repeated runs of replicate sets.

BACKGROUND INFORMATION

The primary objectives of this chapter were to examine various
strategies of microbial degradation kinetics in arriving at microcosm
xenobiotic predictions for environmental fate.

Several generalized

mathematical models have been proposed but have never been examined using
microcosm generated information to ascertain toxicant half-life
estimates.

Values generated could then be compared to microcosm residue

and in situ residue values.

Considering the economic and social

importance of such estimates, there is surprisingly little information
available from field investigations concerning not only the kinetics of
xenobiotic biotransformation but also of xenobiotic/food-web substrate
interactions for aquatic environments.

Information from microcosm

systems is nonexistent.

Kinetics of Biodegradation of Xenobiotic Compounds. Xenobiotic
compounds, many exhibiting structural similarities to some naturally
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occurring organic compounds, undergo rather complex biodegradation
strategies.

As noted by Larson (1980), the kinetics of entry of these

compounds is first order with respect to substrate concentration, and the
decay equation can be expressed as:

y = ae

-kt
1

where y is the level of material remaining, (i.e., ^ ) a is the initial
concentration,

is a rate constant (time

*) and t is time.

The first

order rate constant, kj, can be determined directly using nonlinear
regression techniques or by linear regression, using least squares
analysis.

The above equation is converted to the following equation for

least square analysis:

Ln y = Ln a - kjt

where the rate constant is the slope of the resulting straight line.

The

kinetics are first order with substrate concentration if the substrate
concentration is the only rate determining factor.

In all microcosm

tests, these criteria were assumed, and the half-life of the compound was
determined from the rate constant by the following equation:

t^ = 0.693/kj

However, as noted in monitoring microbial and enzymatic activity,
microbial populations fluctuated over time.

Thus, the kinetics may have

been second order, i.e. psuedo-first order, with respect to both
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substrate and microbial population density.

The rates of biodegradation

of a number of hydrolytically degraded toxicants, i.e., malathion,
methoxyclor, were described by Baughman et al. (1980) as following this
type of second order kinetics.

In relying on bacterial population

density as determined by plate counts, they described this relationship
by the equation:

— = k, -B-S
dt
d

where S is pollutant concentration, B is bacterial numbers, and
second order rate constant.

is the

Calculations are based on the validity of

the assumption that the same rate constants apply at both high and low
toxicant levels.

We are cognizant of the fact that at very low substrate

concentrations, threshold levels may exist and this assumption may be
invalid (Boethling and Alexander 1979, Subba-Rao et al. 1982).

However,

since the objective of this work is to evaluate microcosm performance and
since the toxicant levels used are between 0.5 and 5 ppm, degradation
kinetic expressions were calculated using these criteria.

Second order

rate constants for microbial biotransformation followed procedures
developed by Paris et al. (1982).

Xenobiotic/Substrate Kinetics. As mentioned earlier, at very low
toxicant substrate concentration, minimal levels of actual degradation
may occur in aquatic microenvironments.

However, such low xenobiotic

levels may influence the degradation of a naturally-occurring organic
substrate and may induce a detrimental effect with regard to food chain
energetics.

Using

14
C-N-acetyl-D-glucosamine as a test substrate, first
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and second order rate kinetics for NAG degradation were examined using
the above-mentioned approaches and compared to microbial growth rate
estimates.
These growth rate estimates are based on changes in microbial
population levels and ATP over time, assuming either linear or
exponential growth rate (Christian et al. 1982).

The following equation

from Christian et al. (1982) was used for determining linear growth rate
constants:

A = (XT1 - XT0)/[(XTQ)(t1 - tQ)

The cell density, biovolume or ATP concentrations is expressed as X for
specific time in hours (t^ or t^). Exponential growths rate calculations
were computed using the following equation.

u = (lnXT

- lnXT)/(t1 - tQ)

Growth rates were determined during lag, exponential, and stationary
growth phases for changes in cell density, as calculated by direct plate
counts, and ATP concentrations.
would be a preferred approach.

Ideally, acridine orange direct counts
However, the objective of these

evaluations is microcosm performance with regard to toxicant behavior.
Such approaches will be used when resources, hopefully, become available.

Continuous Flow Models. The continuous flow microcosm can be
conceptualized as a chemical reactor in which flows are continuously in
an input or export mode.
extremes in flow patterns:

In modeling such a system, one can identify two
liquid entering the microcosm unit retains
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its identity upon leaving with minimal water/sediment interface mixing;
inflow liquid is thoroughly mixed in the reaction vessel.

The flow

patterns in the microcosm design lies somewhere between these two
extremes.

As developed by Lee (1982), a mass balance equation can be

derived for either a transient flow or mixed flow reactor to provide
preliminary estimates of environmental fate.
If a transient flow microcosm is assumed, where V is volume, Q is the
influent flow rate, and C is the chemical concentration, then one can state:

(1)

Ln C/Cq = -CQ/V + kj)t

The ha,lf-life can be estimated by the following reaction if a first order
kinetic reaction rate is assumed.

(2)

t, = V ln 2
QVK

in the case of low flow rate:

(3)

t,
*

=

Vln2 _ Ln2
0.693
Vk
" k *
k

Hence, for very low flow rates, half life predictions in continuous flow
microcosms can be estimated by static microcosm units.
In a completely mixed reactor, the half-life of chemicals in the
reactor is

t, = Vln2
%
—
if the inlet concentration becomes zero as time increases.
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In the continuous flow microcosm tests conducted, flow rates ranged
from 0.1 ml/min to 0.3 ml/min.

Assuming first order reaction rates are

occurring in these microcosms at moderately low flow rates, a preliminary
half-life was estimated by the following equation:

_ Vln2
T

q v k

where the value for k was derived from static microcosms under comparable
operating parameters.
Scouring rate, sedimentation rate, adsorption and desorption
processes also must be included in any modeling effort.

Furthermore, the

mass of the chemical constituents adsorped to the surface of
microorganisms must be included in these calculations.

An incomplete

data set on these estimates precludes providing more definitive estimates
on toxicant half-life in the continuous flow model.

However, a general

equation which can possibly be used upon completion of a more complete
data set is written as follows:

M . + M . + M. . = M . + M . + M . .

Wl T

SI

D1

wi

si

bi

which describes the relationship of the total mass of the chemical con
stituent in the aqueous phase (Mw^), the suspended sediment (M^), and the
surface of microorganisms (M^) before and after adsorption/desorption
processes.
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RESULTS AND DISCUSSION

Xenobiotic Degradation in Sediment/Water Phase. Table 6-1 presents
summary information of toxicants for respective environmental sediment
source of all microcosm studies included in this chapter.

Also shown are

relative percent degradation of the parent compound in static microcosm
units as determined by gas or liquid chromatography analysis.

These are

final residual values which do not necessarily provide an estimator for
environmental fate.

In general, the organophosphates and phenols degraded

at a faster rate than the organochlorine, Kepone®.

The chlorinated phenol,

2-chlorophenol, was mineralized at a much slower rate than either phenol
or 4-nitrophenol.
In examining the biodegradation kinetics of a xenobiotic in the
sediment-.water phase,

14
CO^ expiration profiles were examined for methyl

parathion and phenol in both saline and freshwater environments (designated as non-amended control microcosm in Fig. 6.1).
profile for Kepone® was shown earlier in Chapter 4.

A

14

CO^ expiration

Although not shown,

similar biodegradation kinetics was examined for azinophosmethyl and
4-nitrophenol.

Table 6-2 presents information on first order (k^) and

second order (kg, kp, k„„) rate constants for xenobiotic biotransformation
using plate counts as microbial population estimators.
Values for the first order rate constant, k^ (d *), provide
indication of relative degradation over time by toxicant class and
salinity level.

At 0°/oo salinity the compounds can be ranked as follows

in terms of overall rate:
phosmehtyl>Kepone®.

phenol > 4-nitrophenol>methyl parathion>azin-

Kepone® exhibited a very slow turnover rate.

Data

for 2-chlorophenol were incomplete and, therefore, no estimate is given.

Figure 6-1.

Xenobiotic-amended substrate biodegradation
activity in sediment:water phase.
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Table 6-1.

Extent of Xenobiotic Degradation in Sediment:Water Phase

Chemical

Environmental
Source

Time
Salinity

Azinphosmethyl

Swamp Forest

0

Methyl Parathion

Swamp Forest

0

Substrate

—
Chitin

Phenol

Swamp Forest

Salt Marsh

2-Chlorophenal

4-Nitrophenol

Salt Marsh

Swamp Forest

24

68.0
78.5

18
18
18

74.2
81.2
76.5

Chitin
Cellulose

18
18
18

64.1
75.6
78.4

Chitin
Cellulose

18
18
18

84.5
88.5
90.1

Chitin
Cellulose

18
18
18

72.4
65.4
76.8

Chitin

18
18

64.0
58.5

18
18

78.4
84.8

18
18

70.4
78.5

36
36

1.0
1.2

—

—

0

24

--

24

0

—

Chitin
Salt Marsh

24

--

Chitin
Kepone®

Swamp Forest

0

% Degradation

21
21

Chitin
Cellulose
Salt Marsh

(days)

--

Chitin

Table 6-2.

First Order and Second Order Rate Constants For Biotransformation:

Salinity
Chemical

Azinphosmethyl
(5 mg/L)

/ OO

0

Bacteria
CFU/L

Fungi
CFU/L

Chitinoclasts
CFU/L

Microbial Populations

Kj (d_1)

Kf

Kch

4.35 x 1011

1.14 x 108

19
1.18 x 101J

0.152

1.75’12

6.679

6.44'11

Methyl Parathion
(5 mg/L

0
24

4.707 x 10?1
3.56 x 101

1.26 x
4.86 x "S
10

1.28 x 10j°
7.91 x 10y

0.179
0.145

1 91~12
2.03'12

7•1 2 ” o
1.49

7 0 1 lli
9.17

Phenol
(5 mg/L)

0
24

3.09 x lojj
2.37 x 10

5.58 x
107
4.14 x 10'

6.3 x 10q
6.6 x 10

0.3259
0.1951

5 2~^2

I I 12

2.92'!
2.36'

1.48 1U

4-Nitrophenol
(5mg/L)

0
24

3.04 x loJJ
2.67 x 10

6.24 x
107
4.89 x 10

6.6 x 10^
7.2 x 10y

0.3146
0.2145

s.n'l2

2.52'g

2.19

2.19

2 -38ilS
1.49

Kepone®
(0.5 mg/L)

0

1.04 x 1011

9.72 x 107

1.04 x 109

0.0026

1.225-15

1.3l'12

1.226'13
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Both phenol and 4-nitrophenol were comparable at 0°/oo, but 4-nitrophenol
rates were faster at 24°/0o.
In interpreting the second order (psuedo first order) rate constants
for biotransformation, kg values presented a similar dichotomy in
toxicant classes as kj. Methyl parathion rates at 0 and 24°/00 salinity
were quite similar.

Kepone® values were 3 orders of magnitude slower

than other toxicant classes.

In relying upon bacterial population

estimates, second order rate constants would indicate similar biotrans
formation estimates as k^.
In reviewing values for kp, based on filamentous fungi propagule
levels, a slightly different picture of toxicant class performance can be
realized.

In particular, methyl parathion rates are significantly faster

for the freshwater water/sediment phase than the saline phase.

Also,

differences between 0°/oo and 240/oo estimates for all phenols is greater
than that for bacteria.

Thus, in a filamentous fungi-dominated system,

second order rate constants, as determined by bacterial counts, would
still reflect an overall toxicant class performance for biotransformation
but at an altered rate because of salinity.
In evaluating toxicant biotransformation rates with regard to key
substrate utilizers, chitinoclasts, as determined by colony forming units
exhibiting clearing zones in a chitin agar, was used as the microbial
population estimator.

As shown in Table 6-2, second order rate constant,

K„„, demonstrate additional toxicant class variability.
IJ1
rates of biotransformation would be as follows:
methyl>>phenol>4-nitrophenol>Kepone®.
be changed to the following:

Thus, at 0°/oo,

methyl parathion>azinphos-

But, at 24°/00, the sequence would

methyl parathion>>4-nitrophenol>phenol>Kepone®.

This is indeed quite different from the sequence shown for k^ rates when
phenol and 4-nitrophepol were ranked one and two, respectively.
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First and second order rate constants for biotransformation using
enzymatic activity as microbial population estimator are shown in Table 6-3.
The kj, values shown are the same as for Table 6-2 since they are deter
mined by least squares regression analysis of toxicant level over time.
Second order rate constants, k^ , k ^ ,

are given for phosphatase,

dehydrogenase, and ATP levels, respectively.
enzyme levels reflect k^ estimates.

In all instances, these

However, salinity differences

between toxicant class members, as well as toxicant classes, is more
apparent.

In particular, k ^ p values reflect the noticeable differences

in methyl parathion performance at different salinities.

Also, k ^ p

levels are much higher for phenol and 4-nitrophenol at 0°/oo salinity
than azinphosmethyl or methyl parathion.

Thus, enzyme assays are as

accurate, if not more so, in calculating second order rate constants are
standard plate counts.

Xenobiotic Degradation In Substrate-Amended Microcosms. As shown in
Fig. 6-1,

14

CO2 expiration profiles for methyl parathion and phenol in

chitin-amended and cellulose-amended microcosms demonstrate the influence
of food chain substrates exhibit on toxicant degradation.

In freshwater

and saltwater sediment/water phases, both chitin and cellulose induced
rapid mineralization of each parent compound.

Faster rates were noted

for chitin/methyl parathion combinations at both salinity levels.
However, phenol/chitin rates were somewhat slower than controls.
apparent difference in

14
CO^ profile was detected for methyl parathion/

cellulose combinations at
saline conditions.

0°/oO salinity,

with a higher rate noted for

Phenol/cellulose rates at both salinities were

comparable to controls.

No

Table 6-3.

First Order and Second Order Rate Constants For Biotransformation:

Chemical

Salinity
0/
/oo

Phosphatase
mg/L

Dehydrogenase
mg/g dry wt

ATP
ug/L

KjCd'1)

Enzyme Activity

.

0

3.04 x 102

22.8*

58.42

0.152

2.5

Methyl Parathion
(5 mg/L)

0
24

3.10 x io2
2.29 x 10

23.3*
22.9**

63.72
66.60

0.179
0.145

Phenol
(5 mg/L)

0
24

2.59 x
102
2.18 x 10

24.14*
30.22**

56.70
80.71

4-Nitrophenol
(5 mg/L)

0
24

2.62 x
102
2.45 x 10

26.08*
28.98**

Kepone®
(0.5 mg/L)

0

2.98 x 102

19.5*

Azinphosmethyl
(5 mg/L)

■k

TIT

**INT

v

k „
PH
-3

ATP

3.33~2

1.30"2

2.89~
1.26

3.84'2
1.27

1.08

0.3259
0.1951

6.29~~
4.47

6.75
3.23

59.90
82.72

0.3146
0.2145

6.00"^
4.37

-2
6.03"2 2.62 ;
3.70 * 1.29

57.75

0.0026

4.36~7

6.66~6

Static Microcosms

1.40'2

-2

-2

; 2.87 t
1.21

2.25'6

Sediment-.Water Phase
Non-Amended from Ch. 5
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In studying first order and second order rate constants for amended
and control microcosms (water/sediment phase) in Table 6-4, significantly
higher first order kj values for methyl parathion/chitin combinations for
freshwater and saline microcosms could be derived.

The k^ values for

methyl parathion/cellulose were also higher than controls with the k^,
24°/00 value for cellulose being slightly higher than for chitin.

The

first order, kj, rates for phenol/cellulose and phenol/chitin were
somewhat higher than controls in freshwater units.
at 24°/00 were lower than controls.

Phenol/chitin rates

Rates for phenol/cellulose were only

marginally higher.
In comparing kj rates for the two toxicant classes, phenol rates
were higher than methyl parathion rates for all freshwater/substrate
combinations.

Methyl parathion/substrate rates were only marginally

higher than phenol for chitin.

The k^, 240/oo estimates for phenol and

methyl parathion in cellulose-amended sediments were essentially similar.
In examining second order rate constants, k^,p, using microbial ATP
levels as estimators of respective microbial populations, a more divers
ified picture emerges.

Keeping in mind that second order (psuedo-first

order) estimates describe toxicant degradation in terms of both toxicant
level and microbial action, rather than only toxicant level for first
order, k^ estimates, ranking orders for toxicant/substrate combinations
change.

Methyl parathion/cellulose rates, k^p, 0°/oo, for freshwater is

slightly lower than controls, whereas, methyl parathion/chitin combina
tions remain much higher.

However, for saline water/sediment phases,

both methyl parathion/cellulose and methyl parathion/chitin rates are
lower than controls.

Noting that ATP levels are higher in substrate-

Table 6-4.

First Order and Second Order Rate Constants For Biotransforraation:
Amended

Xenobiotic

Phenol
(5 ug/L)

Phenol
(5 ug/L)

Substrate

Phase

Salinity
°/
/oo

ATP
ug/L

chitin
cellulose
—
chitin
cellulose

water
water
water
water
water
water

0
0
0
24
24
24

29.13
48.91
44.82
31.40
56.52
54.40

0.125
0.234
0.227
0.141
0.218
0.277

chitin
cellulose

water:sed.
water:sed.
water:sed.
water:sed.
water:sed.
water:sed.

0
0
0
24
24
24

56.70
72.50
69.55
80.71
98.40
101.64

—
chitin
cellulose
—
chitin
cellulose

water:sed.
water:sed.
water:sed.
water:sed.
water:sed.
water:sed.

0
0
0
24
24
24

63.72
86.48
76.90
66.60
112.24
104.42

—

chitin
cellulose
—

Methyl Parathion
(5 ug/L)

Xenobiotic/Substrate

FDA
*490^10 U8/ml

katp

KFDA

0.2774
0.3712
0.3278
0.1188
0.1568
0.1487

.0476
.379
.0366
.0189
.0138
.0137

11.096
7.930
7.220
4.212
2.684
2.684

ND
ND
ND
ND
ND
ND

0.3259
0.3410
0.3374
0.1951
0.1813
0.2111

.0287
.0235
.0242
.0121
.0092
.0104

ND
ND
ND
ND
ND
ND

0.1791
0.2867
0.2024
0.1451
0.1964
0.2091

0.1410
0.017
0.0131
0.0108
0.0087
0.1001

_
—
—
—
—
—
—

—
—
—
—
—
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amended microcosm units, cometabolism processes may be dominant with
regard to toxicant fate.
Similar phenomena was noted for phenol/substrate combinations.
Higher ATP rates coincided with low k^pp values for chitin and cellulose
under both freshwater and saline conditions.

Interestingly, k ^ p values

for both toxicant classes were comparable for both chitin and cellulose
providing additional indications for cometabolism.

Xenobiotic Degradation In Water Phase. Analyses for xenobiotic degrada
tion in the water phase only followed protocols established for sediment/
water phase systems.

Figs. 6-2 and 6-3 present information on phenol,

the toxicant exhibiting the shortest residence time, in water phase
microcosms.

Water phase experiments with phenol were undertaken to

identify the contribution that sedimentary materials make with reggrd to
xenobiotic transformation kinetics and overall residence time.

Using ATP

and fluorescin diacetate (FDA) assays as estimators of microbial activity
in the microcosm units, xenobiotic

14

with and without amended substrate.

CC^ expiration profiles were described

As shown in Fig. 6-2, both chitin-

and cellulose-amended freshwater units demonstrated faster
tion over time than did phenol alone.

14
CO^ evolu

Similar patterns for cellulose-

amended saline units as shown in Fig. 6-3 occurred with respect to the
non-amended toxicant units.

A 12 h lag phase was noted for chitin-

amended saline units following which rapid mineralization commenced by
48 h and 72 h.
In reviewing first and second order rate constants for phenol in
Table 6-4, and comparing to water/sediment phase units, several patterns
were noted.

As mentioned earlier, substrate-amended units exhibited

higher k^ rates for biotransformation than controls.

Additionally, the

Figure 6-2.

Xenobiotic-amended substrate biodegradation
activity in water phase, 0°/oo salinity.
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Xenobiotic-araended substrate biodegradation
activity in water phase, 24°/00 salinity.
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rates for water phase units were slower than for sediment/water phase
units.

This was particularly true for non-amended phenol.

An exception

to this was chitin-amended freshwater estimates (kj, 0°/oo = 0.3712),
which were higher than sediment/phase units (k^, 0°/oo = 0.3410).

When

comparing these estimates to k^,p and kj,^ values, second order rate
estimates, which are again lower than non-amended units, it would appear
that chitin provides an advantageous surface for microbial colonization
and toxicant absorption, comparable to high organic sedimentary materials.
Localized cometabolic processes probably function under these conditions,
resulting in higher toxicant degradation.

Cellulosic materials may

provide a similar surface for xenobiotic activity but with lower coloniza
tion rates than those noted for chitin (ATP + FDA estimates) may perhaps
minimize cometabolic efficiency.

Nevertheless, the physical-chemical

presence of sedimentary materials provides a localized environment for
xenobiotic entrapment and concentration in which many possible microbiologically mediated processes can occur.

Xenobiotic Impact On Naturally-Occurring Substrate Biotransformation.

In

earlier sections, biotransformation kinetics of xenobiotics at natural
and elevated naturally occurring substrate levels was examined.

An

equally important consideration is the influence of low toxicant levels
on food web substrate turnover.

As shown in Fig. 6-4, a series of

experiments were conducted to examine the influences of an organophosphate with a radiolabelled substrate,
(NAG), under freshwater conditions.

14
C-N-acetyl D-glucosamine

In these early tests, toxicant

levels were higher than desirable because of gas chromatography detection
limits. Chitnoclasts, based in colony forming units per ml, were used to
follow microbial population dynamics.

Nevertheless, certain significant
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Figure 6-4.

Xenobiotic impact on naturally-occurring substrate
biotransformation, sediment:water phase, 0°/oo
salinity.
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influences for the organophosphates, methyl parathion and azinphosmethyl,
were noted with regard to

14
C-NAG turnover.

Substrate turnover was

statistically faster for the organophosphate-amended units.

Table 6-5

presents comparable first order and second order rate estimates.

The kj

values for azinphosmethyl and methyl parathion were higher than controls.
Second order rate estimates, kg, indicate azinphosmethyl had a more
positive effect on

14
C-NAG mineralization than did methyl parathion.

Fig. 6-5 presents information on

14
C-NAG mineralization under saline

conditions in the presence of phenol and 2-chlorophenol, two xenobiotics
which adversely affected total chitinoclast levels (Chapter 5).

The

benchmark toxicant, methyl parathion, was introduced for comparative
purposes with earlier freshwater tests.
positive effect on

As shown, methyl parathion had a

14
C-HAG mineralization, whereas the phenolics, particularly

2-chlorophenol at 20 ppb, had a transitory detrimental effect.

As an

improvement on earlier freshwater tests, microbial ATP levels were
monitored to describe microbial population dynamics.

A noticeable

variation in ATP levels was seen for each toxicant, demonstrating again
the sensitivity of this assay for environmental fate analysis.
The kinetic assessment of the xenobiotic/substrate biotransforma
tions is included in Table 6-5.

The first order rate estimates, k^, for

2-chlorophenol were much lower than either phenol or methyl parathion.
Methyl parathion rates in saline conditions were slightly faster than
freshwater rates.

Examining second order estimates, kg, it would appear

that phenol and 2-chlorophenol did not have an overall adverse effect on
14

C-NAG mineralization.

Referring back to Fig. 6-5, one sees a rapid

mineralization of the compound commences after 24 h for the phenolamended microcosm units.

In examining k ^ p estimates, discernible

Figure 6-

Xenobiotic impact on naturally-occurring substrate
biotransformation, sediment:water phase, 24°/00
salinity.
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Table 6-5.

Kinetic Assessment of Substrate/Xenobiotic Biotransformation

Substrate

Xenobiotic

N-acetyl-D
glucosamine
(14C-glucosamine)
40 ug/L

control

Salinity
°/oo

Bacteria
CFU/L

ATP
ug/L

K j Cd " ^

kb

katp

0
24

3.90 x 10?|
3.24 x 10

53.35
48.10

0.8648
0.8703

8 -87'li
1.07

0

4.10 x 1011

—

0.9146

8.92"11

Methyl Parathion
5 ug/L

0
24

4.35 X
10
3.30 X 10A1

57.75

0.9282
0.9320

8 -54- 0
1.13

0.6455

Phenol (20 ppb)

24

2.79 X 1011

60.40

0.7790

1.12~10

0.5159

2 chlorophenol

24

2.45 X

i o 11

52.50

0.6640

1.08’10

0.5060

Azinophosmethyl
5 mg/L

0.6484
0.7237
—
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differences in toxicant interactions with the substrate include microbial
population lag time responses to toxicant addition; 2-chlorophenol and
phenol significantly affected NAG mineralization over the short term.
Following microbial adaptation to the toxicant, NAG rates apparently
returned to near normal levels.

Methyl parathion rates again exhibited

cometabolic phenomena because of higher kj estimates, ATP levels but
lower k._,_ estimates.
ATP
Microbial Growth Rate Estimates Of Naturally-Occurring Substrate Bio
transformation. Data presented in Figs. 6-4 and 6-5 were examined in
terms of linear

a°d exponential (u^ p ) microbial growth rate

indicators for mineralization of

14

C-N-acetyl D-glucosamine.

In this

instance, a more careful review of toxicant influences at differing time
periods was considered.

As shown in Table 6-6, linear growth estimates,

Ag^,, based on colony forming units, shows significant increases for both
azinphosmethyl and methyl parathion during the 1-4 h period.

At the

4-8 h period, methyl parathion remained statistically higher than controls
in freshwater tests.
In examining exponential growth rate estimates, u^<pp> based on
microbial ATP responses, clear indications of disruption in

14

C-NAG

mineralization can be seen for both phenols at the 1-6 h time interval.
Methyl parathion was also slightly slower than controls.

However, at the

6-24 h time period, suppression of NAG mineralization has been overcome
as indicated by a higher growth rate constant as compared to controls.
Thus, incubation periods for both toxicant classes occur, and
mineralization rates of a natural substrate reflect these growth rate lag
periods.

Microbial growth rate indicators provide a more complete

picture of these xenobiotic/substrate interactions than first order or

Table 6-6.

Microbial Growth Rate Indicators of Substrate/Xenobiotic Biotransformation

Substrate:

14
C-N-acetyl-D-glucosamine

Xenobiotic

Salinity
°/oo

Indicated
Phase
(hours)

Growth Rate Constant (h )
UATP
A BAC

1-4
4-8
8-96

0.20

24

1-6
6-24
24-96

0.0200
0.0160
-0.0152

Azinphosmethyl

0

1-4
4-8
8-96

0.188
0.263
-0.019

Methyl Parathion

0

1-4
4-8
8-96

0.25
0.375
-0.034

24

1-6
6-24
24-96

0.1916
-0.0172
-0.0049

Phenol

24

1-6
6-24
24-96

0.033
0.0388
-0.0055

2-chlorophenol

24

1-6
6-24
24-96

-0.0166
0.0388
0.0054

Control

0

0.05
-0.011

0.1180
-0.1010
-0.0021
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second order rate constants.

Substrate responses can be discerned at low

toxicant levels.

Static Microcosm Xenobiotic Fate Estimates. The "bottom line" of all
microcosm studies, of course, is to establish the relative effect of
toxic materials to a particular aquatic microenvironment, and especially,
to make some predictions regarding environmental fate.

Fig. 6-6 presents

xenobiotic half-life estimates, t^, over a salinity/pH range based on
first order rate, kj, values.

As shown, water phase half-life estimates

are higher than sediment/water phases.

Both phenol and 4-nitrophenol

have shorter t, values than methyl parathion or azinphosmethyl in nan
's
amended sediments.

Kepone® has a half-life several orders of magnitude

higher than either the organophosphates or phenols.

The t, values are
%

generally longer for higher salinity/pH conditions.
In examining substrate-amended sediments, phenol/chitin estimates
are lower in the water phase than for the water/sediment phase at salinity/
pH of 016.7.
conditions.

However, the opposite is true at the higher salinity/pH
Methyl parathion/chitin levels changed only slightly across

the salinity/pH gradient.

All other xenobiotic/substrate combinations

reflected trends noted in non-amended sediments.

However, in all instances

except for Kepone®, the t^ values for amended sediments were lower than
non-amended sediments in both water and water/sediment phases.

Continuous Flow Microcosm Fate Estimates■ As discussed in the earlier
sections of this chapter, preliminary predictions of xenobiotic half-life
in continuous flow microcosms can be made, allowing for certain reserva
tions about absorption and adsorption phenomena and assuming first order
rate estimates, k^, for static microcosm units will hold true in continuous

Figure 6-6.

Carbon metabolism microcosm xenobiotic fate
estimates.
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flow units.

Fig. 6-7 presents information on xenobiotic half-life, t^,

based on these assumptions.
In general, values for t^ for all toxicant classes were lower in
continuous flow units than in static units, except for Kepone®.

In this

instance, it would appear that microbial flushing phenomena in the
presence of a highly recalcitrant compound lengthens residence time
appreciably.

Methyl parathion levels changed very little in changing

pH/salinity conditions.

Thus, it would appear that methyl parathion was

a valid choice as a benchmark toxicant for ranking future toxicant
classes.
estimates.

Phenol, t^, estimates were lower than organophosphate, t^,
The presence of key environmental substrates, chitin and

cellulose, by providing additional absorptive surfaces for biotransforma
tion and degradation, significantly lower t^ estimates in continuous flow
microcosm units.

Phenol/chitin estimates were higher than methyl parathion/

chitin estimates at the elevated salinity/pH conditions.

This was

attributed to variations in overall microbial population dynamcis to the
two toxicants.

Although not examined, this difference may also be

attributable to the relative binding affinities of these two compounds
with respect to chitin.

Comparison Of Microcosm Fate Estimates To In Situ Results. A comparison
of xenobiotic fate estimates from continuous flow and static carbon
metabolism microcosms with GC/HPLC residue microcosm data and field
results is listed in Table 6-7.

In general, static microcosm predic

tions were the highest and were attributed to the higher containerization
effects of the microcosm design itself.

Continuous flow microcosm

estimates were lower than static estimates but still conservative with

Figure 6-7.

Continuous flow microcosm xenobiotic fate estimates.
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Table 6-7.

Xenobiotic Fates Estimates

Toxicant

Salinity

Azinphosmethyl
(5 ug/L)

0

Methyl Parathion
(5 ug/L)

0

24

Phenol
(5 ug/L)

0

24

0

24

Kepone®
(0.5 ug/L)

0

'"continuous flow microcosm only
W:
water
W:S water:sediment
N.D. Not Done

Substrate

Phase

Static
Microcosm

chitin

W:S
W:S

4.8
3.5

chitin
cellulose
—
chitin
cellulose

W:S
W:S
W:S
W:S:
W:S
W: S
W
W
W
W
W
W
W:S
W: S
W:S
W: S
W:S
W:S

—

chitin
cellulose
—
chitin
cellulose
—
chitin
cellulose
—
chitin
cellulose
—

chitin

W:S
W:S

G.C/
HPLC*

Field

3.26
2.36

3.9
2.8

2.70
2.22

3.86
2.41
3.42
4.77
3.52
3.31

3.26
2.16
N.D.
3.27
2.63
N.D.

2.80
2.32
N.D.
3.00
2.25
N.D.

2.60
1.90
N.D.
N.D.
N.D.
N.D.

2.49
1.86
2.11
5.83
4.42
4.66
2.13
2.03
2.05
3.55
3.82
3.28

2.23
1.71
1.91
3.73
3.10
3.22
1.92
1.85
1.86
2.64
2.79
2.49

1.95
1.86

1.6
N.D.

3-44
3.45
3.36
1.45
1.08

2.75
N.D.
N.D.
1.6
N.D.
N.D.
2.73
N.D.
N.D.

266
272

Continuous
Flow Microcosm

301.3
314.2

2.39
2.50
N.D.
342.5
348.0

N.D.
N.D.
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regard to GC/HPLC values or field values.

However, statistical dif

ferences between values were minimal.
The higher rate estimates for flow through units can perhaps be
explained by an incomplete mathematical model.

More information especially

is needed on partitioning phenomena in flooded soils to "fine tune" model
estimates.

Additionally, the first order rate constants may change at

lower toxicant threshold levels.

Finally, as discussed in Chapter 4,

pre-exposure and adaptation responses are important considerations in
estimating environmental fate and effect in benchtop microcosm systems.
Thus, it is difficult to assure the relative pristine nature of the
microbial component of in situ microenvironments despite the GC/HPLC
examinations of water and sedimentary materials proving the contrary.
While xenobiotic fate predictions tend to be conservative, it is never
theless possible to generate a ranking profile for toxicant classes
analogous to field data.

SUMMARY AND CONCLUSIONS

A multitude of toxicant-mediated activities can be described and
partially modeled in static carbon metabolism and continuous flow micro
cosm units described in Chapter 2.

Toxicant residence time and half-

lives are affected by the relative heterotrophic activity of the micro
bial component (biotic factors) as well as by absorptive and adsorptive
phenomena under varying salinity and pH changes (abiotic factors).

Flow

rate is an additional physical factor.
Another consideration is cometabolism, i.e., the metabolism of a
compound by a microorganism which cannot use that compound as a nutrient
(Alexander 1978).

It appears that cometabolism phenomena may be more
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pronounced in saline microenvironments than freshwater, particularly
where readily available substrates for energy are in abundance and
microbial adaptation phenomena to toxicants are minimal.

Additional

inquiries, using moderate half-life toxicants such as pthalate esters may
provide the final component information necessary for establishing a
cometabolism ranking profile for toxicant classes under differing micro
environmental conditions.
Also, the contributions of functional groups, attached to a parent
molecule structure i.e., 2-chlorophenol, 4-nitrophenol, as compared with
phenol, in altering xenobiotic half-life estimates, needs to be fully
examined.

Preliminary analyses of this phenomena have been conducted in

terrestrial studies by Medvedev and Davidson (1981) and Haider et al.
(1981) with phenols and chlorinated benzenes.

Additional research in

aquatic microenvironments in equally important.
Finally, the predictive mathematical models used in concert with the
laboratory microcosm models developed, can provide preliminary information
on environmental effect and fate of different toxicant classes for
diverse aquatic microenvironments.

It has been shown and acknowledged,

that gaps in important information exist with regard to the numerous
microcosm tests conducted.

For example, a more complete mineralization

study of N-acetyl-D-glucosamine in freshwater microenvironments is needed
to complete a salinity gradient analysis of substrate mineralization.
Also, additional information on 2-chlorophenol phenomena in saline
systems should be collected.
Nevertheless, certain model linkages have been shown and useable
information with regard to overall wetland productivity and decision
making management practices has been generated.

The microcosm system

models developed can present a fairly comprehensive interpretation of
xenobiotic biotransformation and biodegradation which correlates well
with in situ data.

The fundamental premise of any microcosm testing

protocol is to achieve risk assessment information which can be compared
to "real world" situations.

From information presented, it is felt that

this premise finally has been realized for diverse aquatic environments.
Further microcosm investigations and incorporation of additional model
components will contribute to, and result in, refinement of this overall
model design.
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CONCLUSIONS

A tiered approach, presented in this dissertation, on investigative
approaches for related laboratory/in situ environmental fate analysis in
diverse aquatic wetlands can be shown in conceptual form in Fig. C-l.

The

Field and Tier I approach allows for the generation of pertinent background
information on microbial population dynamics and enzymatic kinetics, as
well as providing a preliminary estimate for first order rate kinetics.
Tier II allows for interpretation of xenobiotic effect and fate under
continuous flow conditions.

The possibility of multiple compound fate

studies is introduced, as well as xenobiotic/natural substrate interpre
tation.

The Composite Tier provides for modeling approaches for disap-

pearance of the parent xenobiotic compound, the analyses of
tion/

14
CO^ expira-

14

C assimilation and sediment binding/partitioning phenomena for

mathematical predictions of environmental fate.
A specific work plan, shown in Fig. C-2, highlights the correlative
field and laboratory environmental fate approaches followed in the tier
approach of Fig. C-l.

An important branch in the laboratory microcosm

approach listed is Substrate Interaction, employing the use of naturallyoccurring substrates such as chitin and cellulose.

Particular attention

should be given to the structural polysaccharide chitin since it is among
the most prevalent of biodegradable polymers in marine and estuarine
environments.
Turnover of chitin is a critical key transformation process in the
functioning of trophic food webs.

The role of chitinoclastic microorgan

isms in bioconversion of this carbon/nitrogen-containing substrate needs
further careful examination.

Analyses of microbial ecology and the extant
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Figure C-l.

Investigative approaches for related laboratory/
in situ fate analyses.
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Figure C-2.

Work plan:

upper level fate correlative approaches.
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chitinoclast population requires detailed study of chitinolytic processes
on fate of a variety of toxic substrates.

Similarly, correlations between

the latter compounds and chitin mineralization warrants thorough investi
gation.
Analyses of chitinase elaboration as a major activity factor and its
relationship to toxic substances could reveal noteworthy data on environmentally-significant surface phenomena or adsorptive effects.

Toxic

substances may physically block active sites on the chitin substrate,
thus inhibiting initiation of essential breakdown processes.

The

opposite may also be true in which xenobiotic degradation is enhanced by
the presence of this polymer.

Products resulting from such activities,

i.e., N-acetyl-glucosamine and glucosamine, all enter into the various
physiological determinants of the microbial community.

Correlations

between these processes and toxic compound fate are germane to
elucidation of the effect of environmental and chemical perturbances on
transformation of such ecologically significant substrates as chitin.
In any projected evaluation of other EPA priorited pollutants, the
combination of field and laboratory methodology, the latter employing a
variety of microbial, benthic, enzymatic, and physicochemical transforma
tion activities, is the preferred approach.

This allows for on-going

formulation of a valid computer data base program for statistical and
numerical model analysis to standardize laboratory methods and to
establish a ranking system for other classes of toxicants.

In continuing

these evaluations of xenobiotic impact in economically and biologically
important wetland systems, additional objectives should be addressed in
the following areas:
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(1)

The standardization of specific microbial and enzymatic
approaches by laboratories working on environmental fate
analysis to provide cross-correlations of data and to
promote development of a composite analysis package.

(2)

The standardization of methodologies in expressing relative
environmental fate by either statistical or mathematical
model approaches.

Mathematical fate kinetics have been applied to the problem of xeno
biotic transformation in diverse aquatic environments but require the formu
lation of equations either in terms of substrate concentration i.e., first
order or second order rate constants or in terms of microbial growth, i.e.,
microbial growth rates.

Difficulties arise in considering the role of

temperature, population diversity, surface phenomena, molecular structure,
and cometabolic phenomena on prediction of xenobiotic fate.

Additionally,

the question of multiple toxicant fate analysis has not been addressed.

As

has been demonstrated, microcosms can provide a controlled work environment
to begin to address these questions.

Further evaluation of xenobiotic

degradation threshold levels under diverse aquatic conditions would be a
logical first step in attempting to answer these questions.

Nevertheless,

future studies must rely heavily on careful statistical analysis of data
generated.
The overall purpose of these investigations has been to incorporate
experimental data and overall experimental design, primarily developed
for federal and state monitoring and management strategies, into environ
mental impact and hazard assessment of toxic chemicals in waterways and
wetland systems.

More information is needed on aquatic soil/sediment

processes that are critical in productivity and food web dynamics.

In
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continuing to pursue these aforementioned objectives, the overall con
ceptual approaches involved, and the ultimate use of information obtained,
is illustrated in Fig. C-3.
The implementation of effective and optimal management practices for
maintaining coastal zone industrial and agricultural productivity certainly
must include an economic analysis of cost and energy use.

Nevertheless,

such developmental practices conceivably could be deleterious to adjacent
highly productive wetland areas.

Formulation of economically efficient

strategies for managing and monitoring of industrial, urban, and agri
cultural pollution need to be based on use of the best agricultural and
wetland environmental science and technology.

Procedural wetland research

efforts, such as presented here, must continue to resolve both compati
bility as well as possible conflicts between hydrologically-linked habitats
within a major aquatic ecosystem.

Figure C-3.

Application of correlative field and laboratory
microcosm approaches in federal/state monitoring
and management strategies.
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APPENDIX A
Terminology

I. Terminology for Substrate Kinetics

assimilation:

use as sole source of carbon and energy, metabolism of a
substrate which may lead to cellular growth.

dissimilation: breakdown of parent molecule, e.g., degradation utilization
or mineralization.
degradation:

a conversion of the molecule, which changes any physical or
chemical properties, or biological activity, i.e., disapperance or original molecule.

biological oxidation: aerobic or anaerobic conversion, the introduction
of oxygen or loss of electrons of the parent compound.
mineralization:

conversion to inorganic compounds, CC^ and H^O, usually
with several intermediate.

cometabolism:

degradation of a compound (normally resistant to oxidation
or assimilation) in the presence of a utilizable substrate
i.e., chitin, cellulose. The compound is not used as a
nutrient or energy source.

II.

Terminology for Microbial Populations

bacteria:

a group of universally distributed rigid, essentially
unicellular microscopic organisms lacking chlorophyll
usually appearing as spheroid, or rod-like, or curved
entities but occasionally appearing as sheets or chains,
or even, most unusually, as branched filaments.

filamentous fungi: members of athe subkingdom or phylum of plants called
Eumycophyta; generally larger than bacteria, exhibit
filamentous growth characteristics and consists of a mass
of branched hyphae called the vegetative thallus or
mycellia. They exhibit a greater diversity in form than
bacteria.
actinomycetes: a group of Gram-positive bacteria which produce very fine
mycelium. They contribute to the mineralization of organic
residues and produce about 85% of known antibiotics. Most
are aerobic organisms but anaerobic forms possess a fer
mentative metabolism which yields acid but not gas from a
variety of carbohydrates.
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yeasts:

unicellular fungi which may have degenerated from a previous
filamentous state. They are globose or ellipsoidal but
occasionally almost cylindrical. Having a definite cell
wall they possess an advanced metabolic capability to
ferment sugars with the production of carbon dioxide and
alcohol.

chitinoclasts or chitinoclastic microorganisms: organisms which can attach
to, decompose, and derive energy from chitin.

III.

Enzyme Systems

phosphatases:

a group name for enzymes that hydrolyze phosphate ester
linkages
acid phosphatase: catalyzes the hydrolysis of orthophosphoric monoesters in an acid environment to
yield an alcohol and phosphoric acid.
alkaline phosphatase:
ments.

dehydrogenases:

chitinase:

same as above for alkaline environ

a general term for a group of enzymes that catalyze the
removal of hydrogen from molecules.

an enzyme catalyzing the breakdown of chitin through the
hydrolysis of a 1, U acetylamino-2-dexy-D-glucoside links.
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